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ABSTRACT
GRAPHENE-BASED MATERIALS COATED ON ZEOLITE FOR
THE REMOVAL OF PERSISTENT ORGANIC POLLUTANTS
FROM WATER
by
Yan Zhang
The University of Wisconsin-Milwaukee, 2018
Under the Supervision of Dr. Nidal H Abu-Zahra and Dr. Marcia Silva

Adsorption is a fast, low-cost and the most commonly implemented water treatment technology
for the removal of multiple contaminations from ground water, drinking water or wastewater.
Difficulties in removing persistent organic pollutants (POPs) to improve quality and safety of
treated water sources require the exploration of novel and multifunctional materials. Graphenebased materials having unique structures, high specific surface areas and tailorable functional
groups are promising candidates as adsorbents.
The main goal of this work is to fabricate a novel adsorbent made of GO/rGO attached on natural
zeolite substrates for the removal of variably charged organic model compounds and POPs in
aqueous solutions. The thin-layered GO/rGO sheets coated on zeolites surface is expected to have
a higher removal efficiency for POPs, wider selectivity, lower cost and better recyclability than
most of the commercially available adsorbents, such as granular activated carbon (GAC).
Initially, ex-situ hybridization of GO and natural zeolite are developed and studied. Three different
coating methods were evaluated: spin coating, vacuum coating, and dry coating. Surface
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morphology, elementary, structural and physical properties of the coated zeolites were assessed.
Chemical and structural analysis shows that the presence of GO on the surface of natural zeolite
for these samples. Results from desorption experiments indicated that the dry-coated samples
exhibit strongest bonding between GO and zeolites. The adsorption capability of GO coated
zeolites for organic model compounds are strongly dependent on the loading of GO. The removal
efficiencies of POPs by DCGZ showed comparable results with granular activated carbon (GAC).
It reveals that the dry coating method to attach the GO sheets on the surface of zeolites is an
effective and straightforward approach with a higher loading of GO and a better physical stability.
In addition, optimization of column test operating conditions was carried out at different pH,
temperature, and concentrations of organic model compounds.
In the second phase, variable-charge surfactants including cationic hexadecyl trimethyl ammonium
bromide (CATB), nonionic polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether (TritonX 100) and anionic sodium dodecyl sulfate (SDS), are used in conjunction with the GO sheets and
zeolites to enhance interaction of GO on zeolites surface. Besides the elemental and morphological
characterization, electrochemical analysis is employed to understand the mechanism of
interactions between GO, surfactants and zeolites. The electrochemical analysis and desorption
experiment studies show that the enhancement of electrostatic interaction and hydrophilicity of
GO and natural zeolite can lead to a strong bonding of GO on zeolites surface. The batch adsorption
experiment displays that the charged surfactants added DCGZ have strong adsorption capacities
for oppositely charged organic model compounds, while they showed the weak adsorption to the
same charged ones. Nonionic Triton X-100 is found to effectively enhance the hydrophilicity and
stability of the adsorbent, and consequently improve the adsorption performance for a wide variety
of organic model compounds.

iii

In the third phase, higher loading of GO and in-situ reduction of GO attached on the modified
zeolites surface are prepared and studied. To understand and control the properties of the
adsorbents, a wide range of characterization were used to evaluate the physical, chemical and
morphological properties of GO/rGO and zeolites surface. On one side, the experimental results
show that zeolites surface modification by APTES enhances the bonding between the GO sheets
and zeolites. A step-wise GO coating process increases the loading of GO on modified zeolites
due to the positive surface modification. The effect of loading of GO on adsorption capacity for
variable-charged organic model compounds was examined by the column test. A better physical
stability of four-time graphene-based materials coated on modified zeolites was confirmed by the
desorption experiment. On the other side, two methods by microwave and vitamin C for in-situ
reduction of GO on the natural zeolite was studied and evaluated. The extent of GO reduction are
characterized and well controlled by the factors including reaction time, concentration and adding
methods. The thin-layered GO/rGO on modified zeolites substrate has shown a high affinity for
organic model compounds exceeding the performance of a reference GAC. Column adsorption
studies of a four-time coated rGO on modified zeolites for polychlorinated biphenyl (PCB),
perfluorooctanoic acid (PFOA), and bisphenol-A (BPA) show that over 81% adsorbate removal
rate is maintained after 24 hours. The thermal stability and recyclability of a four-time coated rGO
on modified zeolites were also investigated. The experimental results show that it has a good
thermal which maintains over 91% after five cycles after thermal treatment at 500oC for 1 hour.
Finally, the modeling of adsorption mechanisms of the four-time coated rGO on modified zeolites
for organic model compound was studied. The pseudo-second-order kinetics model and Langmuir
isothermal model were fitted to the batch experiment results.
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Chapter 1 Introduction

1.1 Introduction of persistent organic pollutants
Persistent organic pollutants (POPs) are carbon-based organic compounds that are resistant to
environmental degradation through chemical, biological, and photolytic processes.

[1]

Thousands

of synthetic POPs were generated and widely used in industrial production after 1950’s. They have
been used in the past and are used today in pesticides, solvents, pharmaceuticals, and industrial
chemicals, which have adverse effects on human health and environment. Once released to the
atmosphere, they can be persistent for an extended period, widely distribute through natural
processes, and accumulate in the fatty tissue of humans and wildlife, which can result in cancer,
allergies, hypersensitivity, damage of nervous systems and disruption of the immune system.

[2]

When POPs accumulate in the fatty tissue of fish, predatory birds, mammals, humans, and the
uppers in the food chain, their concentrations can become magnified by up to 700,000 times higher
than background levels. [3] Most POPs are human-made, some are carcinogens, and they may cause
developmental defects, chronic illnesses, and death. Because of their persistence and toxicity,
POPs pose an issue due to their ability to bioaccumulate with potentially significant impacts on
human health and remain in the environment for a long time.
POPs have been found on every continent in the world. They can be transported through various
methods such as winds, ocean currents, soil and food chains.

[4]

Usually, POPs once used and

released in one area can affect the environment and food chains far away from the contaminated
region. POPs, especially in the surface water and local groundwater, have low removal by
wastewater treatment plants and have been found in drinking water. [5] Some of these compounds
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are well known, such as bisphenol A (BPA) and dichlorodiphenyltrichloroethane (DDT). Besides
that, new POPs including organochlorine pesticides (OCPs), polychlorinated naphthalenes (PCNs),
hexabromocyclododecanes (HBCDs), Dechlorane Plus (DPs), and related compounds
(Dechloranes) have been found, analyzed and monitored. [5] The influence of new POPs requires
more research on the risks to human health and the environment. The adverse effects caused by
these toxic compounds in water, wastewater, human health, and ecosystems demand the
development of useful treatment technologies that can remove high toxic organic contaminants at
a low cost. Simultaneously, a one-step removal process for different kinds of POPs is considered
as a convenient approach and preferred in the water treatment industry. In this thesis, variably
charged POPs, nonionic BPA, anionic perfluorooctanoic acid (PFOA), and cationic
polychlorinated biphenyls (PCBs), are introduced.
1.1.1 Bisphenol A
BPA, C15H16O2, is used for synthesizing polycarbonate, epoxy resin, and flame retardants in a
sector and manufactured from phenol and acetone. Figure 1.1 shows the molecular structure of
BPA. It is a high -production-volume chemical used in plastics (CDs, cell phones, and bicycle
helmets, etc.) and beverage containers (lacquers in linings of aluminum food and beverage cans).
[6]

It was reported that it migrates from the plastic, composites and other storage containers to

outside environment when heated or exposed to acidic or alkali solutions due to the degradation
of BPA. Usually, most humans are exposed to BPA through ingestion. Infants are especially at
risk. They can be exposed by using baby bottles, and toys.

[7]

Numerous animal studies have

demonstrated a correlation between BPA with obesity, thyroid and nervous system cancer. A
review in 2008 concluded that BPA affects various dopaminergic processes resulting in
hyperactivity, attention deficits, and a heightened sensitivity to drugs of abuse. [8] A report from
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U.S. Environmental Protection Agency (EPA) from 2010 shows that over one million pounds of
BPA are released into the environment annually.

[9]

In 2017, the European Chemicals Agency

reported that “BPA should be listed as a substance of very high concern due to its properties as an
endocrine disruptor.” [10] Many research studies show that BPA was found in the blood and liver
of animals and humans.

[11,12]

Currently, the human exposure limit set by the United States EPA

is 50 µg kg-1 day-1 of BPA intake for drinking water [13]

Figure 1.1 The molecular structure of BPA.

1.1.2 Perfluorooctanoic acid
PFOA, C8HF15O2, also known as C8, is used as a surfactant in the emulsion polymerization of
fluoropolymers in industry. Figure 1.2 shows the molecular structure of PFOA. It persists
indefinitely in the natural environment due to resistance to environmental degradation (metabolism,
hydrolysis, photolysis or biodegradation), and is toxic to animals and humans. It can be absorbed
through the skin or oral ingestion.

[14]

Recent studies are focusing on monitoring the global

distribution and determination of the toxicology and mode of action of PFOA. [15] Animal studies
showed that it could cause reduced birth size, physical, developmental delays, endocrine disruption,
and neonatal mortality in mammals.

[16]

In 2007, research studies at the U.S. Food and Drug

Administration (USFDA) investigated food contact papers as a potential source of PFOA to
3

humans and is ongoing.

[17]

In 2005, a USFDA study reported it had been detected in industrial

waste, water, food, and polytetrafluoroethylene products, especially in the drinking water system
and food packaging. [18] In 2007, the New Jersey Department of Environmental Protection issued
a health-based guidance level of 0.04 µg L-1 in drinking water. [19] The Minnesota Department of
Health recommends 0.014 µg L-1 day-1 for PFOA for adults. [20] The United States EPA reported
health advisory level of PFOA for the drinking water is to 0.07 µg L-1day-1 in 2016. [21]

Figure 1.2 The molecular structure of PFOA.

1.1.3 Polychlorinated biphenyls
PCBs, C12H10−xClx, were deployed as dielectric and coolant fluids in electrical systems, carbonless
copy paper, and heat transfer fluids before the 1960s.[22,23] Figure 1.3 shows the series of molecule
structures. Because of their longevity and toxicity to human beings, PCBs were classified as POPs
and banned by the US Congress in 1979. [24,25,26] The United States EPA reported them as a likely
cause of cancer, endocrine disruption, and neurotoxicity. They can be transported in the air and
water due to their low vapor pressures.

[27]

In the ocean, PCBs become denser than water and

concentrate on the increasing depth. People are usually exposed to food, breathing contaminated
air and skin contact. [28] They can also cause skin conditions such as chloracne and rashes. Severe
exposure accidents happened in Belgium, Italy, Japan, and the USA since the 1960s. In Japan, it
was known as Yushō disease because over 1800 people were poisoned by 280 kg of PCB4

contaminated rice bran oil used as chicken feed in 1968. [29] In 2001, the United States EPA set the
goal for drinking water’s maximum contaminant level of PCBs is zero. [30]

Figure 1.3 A series molecular structures of PCBs.
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1.2 Introduction to adsorption technology for POPs removal

Nowadays, the world is facing water crisis due to lacking clean drinking water. With the fast
development of various industries, a vast quantity of wastewater comes from industrial processes
and is discharged into soils and water systems. [30] Surface water, groundwater, and industrial or
household wastewater contain many different types of pollutants.

[41]

These pollutants include

inorganic and organic compounds which can be more or less hazardous to humans, animals and
plants. These pollutants usually contain cations, anions, oil, and organics which have toxic effects
on organisms. Removal of these contaminants requires cost-effective technologies. Therefore, a
variety of techniques have been developed in the past decades in dealing with wastewater
treatment. [31]
There are two primary factors drive the development and implementation of water treatment
technologies. (1) The discovery of new or rarer pollutants and the promulgation of new water
quality standards. With a better understanding of the effect of chemicals on climate, wildlife and
humans, people are more aware of new generation pollutants. For example, the United States
EPA revises the national air and water quality standards and guide states and tribes almost every
year. [32] It demands a higher efficiency and a wide range adsorption or filtration technology than
traditional treatment process. (2) The cost of the industry approach to water treatment. Currently,
it includes physical, biological, chemical and electromagnetic processes. Among these methods,
adsorption technology has been well known for over centuries. Charcoal was considered as the
first adsorbent for water purification. [33] The understanding of adsorption mechanism was studied
by Brunauer, Emmett and Teller, McBain and Bakr, Langmuir, and later by Barrer, all in the early
twentieth century. [34] They revealed that the adsorption is the accumulation of concentration of
adsorbates at a surface and its driving force are the concentration gradient. After that, the
6

development and improvement of adsorption technology were best achieved by increasing the
porous structure and interactive forces of physical attraction between the adsorbents and sorbates.
Currently, adsorption technology is believed to be a simple (one step), low-cost and effective
(broad adsorption range) technique for wastewater treatment, and the success of the technique
largely depends on the development of an efficient adsorbent. It has been found to be superior to
other techniques for water re-use regarding initial cost, the simplicity of design, ease of operation
and insensitivity to toxic substances. To achieve the anticipated function, adsorbents can be
designed and modified in their compositions, structures, surfaces, and preparation methods.

[35]

These kinds of adsorbents can possess their special physical, chemical, and biological properties
and exhibit some peculiar behaviors in the reactions, transformation, and removal of
contaminants in water. In fact, the ability and efficiency of the adsorption technologies in water
treatment also depends on the characteristics and functions of adsorbents.

[36]

Therefore, to

transfer the species of pollutants for promoting the adsorption rate, we can design and prepare
special composite adsorbents with multi-adsorptive functions which can remove different kinds
of contaminations simultaneously. To eliminate some trace concentration of organic substances
in water, we can synthesize some environmental-friendly sorbents and develop the similar
technologies for water purification. [37] Also, modification of applied adsorbents, such as activated
carbon (AC), clay, and polymers, undoubtedly is a more effective way to enhance the efficiency
of water treatment process. [38,39]
1.2.1 Introduction to activated carbon
Due to its high surface area, porous structure, and specific surface reactivity, AC has been the most
successful commercialized and widely used adsorbent in water purification all over the world. [40]
The benchmark technology for contaminant removal from water/wastewater is AC-based
7

adsorbents. This adsorbent is highly inert and thermally stable under 200oC, and it can be used
over a broad pH range. Although it has a high capacity of adsorbing various organic compounds
and can be easily modified by chemical treatment to increase its adsorption capacity, AC has
several disadvantages. It is expensive, and the powdered form is difficult to be separated from the
aquatic system when it becomes exhausted, and the effluent reaches the maximum allowable
discharge level.

[40]

Furthermore, the adsorption process transfers pollutants from one phase to

another rather than eliminating them from the environment. So, the adsorbent should be
regenerated or eliminated. The regeneration of exhausted AC by the chemical and thermal
procedures are also expensive and result in the weight loss of the adsorbent. [41] Usually, the boiling
point of various pollutants are higher than 200 oC, such as BPA (220 oC) and DDT (416.2 oC).
This requires a better thermal stability for adsorbent. Another study showed that AC was
ineffective to remove polar molecules. It binds to most substances through London dispersion
forces. It means that it adsorbs larger molecules and non-polar molecules preferentially since they
would have larger dispersion forces. Also, the oxygen associated with the surface of AC makes it
more hydrophilic. So, it has a weak affinity for hydrophobic molecules which usually are polar
molecules. For example, it has been reported that AC as a weak adsorption capacity for anionic
metformin during drinking water treatment, which is one of the pharmaceuticals found in Lake
Michigan waters. [42] Removal processes capable of eliminating these types of compounds are
required. Table 1.1 shows that the advantages and disadvantages of AC.
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Table 1.1 The advantage and disadvantage of commercial AC
Advantage

AC

Disadvantage

Higher adsorption
capacity for non-polar
molecular, good thermal
stability under 200oC,
low price

(1) Poor recycle ability and thermal stability over
400oC.
(2) Poor performance for polar molecules removal.
(3) It must be regularly generated at a high
temperature for recycle. If this is not economically
viable, the activated carbon must be destroyed in an
incinerator.

1.2.2 Introduction to natural zeolite
Since the original discovery of zeolitic minerals in the volcanogenic sedimentary rock, zeolitic
tuffs have been found in many areas of the world. [43] In the past decades, natural zeolite has seen
a variety of applications in adsorption, catalysis, building industry, agriculture, soil remediation,
and energy. It has been estimated that the world natural zeolite consumption was 3.98 Mt in 2005
and reached 8.0 Mt in 2016.

[44,45]

Natural zeolite is hydrated aluminosilicate minerals with a

porous structure and valuable physicochemical properties such as cation exchange, molecular
sieving, catalysis, and adsorption. Figure 1.4 shows a typical natural zeolite (clinoptilolite). The
application of natural zeolite with their properties and significant worldwide occurrence gains new
research interests in environmental applications.

[41]

The use of natural zeolite for water and

wastewater treatment has been realized and is still a promising technique in environmental
cleaning processes. In the past decades, some review papers have indicated that the utilization of
natural zeolite has been focused on ammonium and heavy metal removal due to the ion exchange
property. [42] In recent years, natural zeolite and its modified forms have also been reported for
removal of cationic organic pollutants from water systems.
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Figure 1.4 The images of natural zeolite (clinoptilolite).

Some investigations using natural zeolite for cationic dyes adsorption have been reported, and
Table 1.2 presents chemical composition and cation-exchange capacity of natural zeolite in the
world.
Table 1.2 Chemical composition and cation-exchange capacity (CEC) of natural zeolite in the world. [42]

Chemical composition (%)
Zeolite

CEC (meq g-1)

Reference

SiO2

Al2O3

Fe2O3

CaO

MgO

Na2O

K2O

TiO2

Turkey clinoptilolite

70.9

12.4

1.21

2.54

0.83

0.28

4.46

0.089

1.6–1.8

[43]

Iranian clinoptilolite

70

10.46

0.46

0.2

–

2.86

4.92

0.02

–

[44]

Cuba clinoptilolite

62.36

13.14

1.63

2.72

1.22

3.99

1.2

–

–

[45]

Brazil mordenite

67.82

14.96

0.42

1.87

0.18

0.32

4.47

0.07

2.29

[46]

56.42

15.8

4.08

2.42

0.86

2.35

8.14

0.004

2.12

[47]

Italy phillipsite
+ chabazite
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Turkey clinoptilolite

69.72

11.74

1.21

2.3

0.31

0.76

4.14

–

1.84

[48]

Chinese clinoptilolite

65.52

9.89

1.04

3.17

0.61

2.31

0.88

0.21

1.03

[49]

67

13

2

3.2

0.69

2.6

0.45

0.2

2.05

[50]

Turkey clinoptilolite

69.31

13.11

1.31

2.07

1.13

0.52

2.83

–

–

[51]

Croatia clinoptilolite

64.93

13.39

2.07

2

1.08

2.4

1.3

–

1.45

[52]

66.5

11.81

1.3

3.11

0.72

2.01

3.12

0.21

1.2

[53]

Turkey clinoptilolite

64.99

9.99

3.99

3.51

1.01

0.18

1.95

–

Chinese clinoptilolite

68.27

7.48

1.95

2.61

1.87

0.68

1.69

–

Turkey clinoptilolite

70

14

0.75

2.5

1.15

0.2

2.3

0.05

Chinese clinoptilolite

69.5

11.05

0.08

2.95

0.13

2.95

1.13

0.14

–

[57]

Ukrainian clinoptilolite

67.29

12.32

1.26

3.01

0.29

0.66

2.76

0.26

–

[58]

Ukrainian mordenite

64.56

12.02

0.95

3.58

0.68

0.94

2.03

0.23

–

[59]

Slovakian clinoptilolite

67.16

12.3

2.3

2.91

1.1

0.66

2.28

0.17

–

[60]

Croatian clinoptilolite

55.8

13.32

1.3

5.75

0.7

3.9

2.35

–

Ukraine clinoptilolite

66.7

12.3

1.05

2.1

1.07

2.06

2.96

–

0.64

[62]

Australian clinoptilolite

68.26

12.99

1.37

2.09

0.83

0.64

4.11

0.23

1.2

[63]

Chilean clinoptilolite
+mordenite

Iranian clinoptilolite
+mordenite
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[54]
–

[55]
[56]

[61]

Apart from the presence of cations in water, anions and organic compounds are widely present in
wastewater. [42] However, very few studies have been reported the removal of anions and organic
compounds using natural zeolite. Benkli et al. investigated hexadecyltrimethylammonium
bromide-modified clinoptilolite for removal of anionic dyes, reactive black 5, red 239 and yellow
176, in a fixed bed. The hexadecyltrimethylammonium bromide surfactant coverage on zeolites
surface indicated that a layer formation is the most viable packing that enables maximum removal
of the anionic dyes. [64] It also revealed the positively charged modification of natural zeolite have
a significate impact on anionic dyes removal. ReyesSierra-Alvarez et al. investigated the removal
of POPs with various zeolites.

[65]

It showed that the multiple sorbents for anionic

heptadecafluorooctanesulfonic acid (PFOS) solution decreased as follows: hydrophobic zeolite >
anaerobic granular sludge > activated sludge. However, the adsorption capacity of hydrophobic
zeolite for anionic POPs is far below expectation.
1.2.3 Introduction to graphene-based materials
Graphene-based materials have been used in a variety of applications because of their useful
properties, which can be listed as (1) possible to have various pores, (2) high thermal conductivity,
(3) high chemical stability, (4) low thermal expansion coefficient, (5) high lubricity, (6) light
weight, (7) high electrical conductivity, (8) nontoxic, (9) radiation resistant, (10) low absorption
and high moderating for neutron, (11) high biocompatibility without the formation of blood clot,
etc. By using graphene-based materials as one of the components, composites with various
materials, plastics, ceramics, metals, as well as carbons, have been developed and used in multiple
fields of industry such as electrochemistry, water purification, drug delivery and the photocatalyst.
The successful applications of carbon fiber-reinforced plastics are well known to accelerate the
development of modern engineering and technology. [67]
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Graphene, the name is given to a two-dimensional sheet of sp2-hybridized carbon [68], is a material
made of carbon atoms which are bonded together in a repeating pattern of hexagons. Graphene's
flat honeycomb pattern which results from long-range π-conjugation gives it many extraordinary
characteristics. It has a large theoretical specific surface area (2630 m2 g-1), high intrinsic mobility
(200 000 cm2 v-1s-1), [69.70,71] high Young’s modulus (∼1.0 TPa) [72] thermal conductivity (∼5000
Wm K-1),

[73]

its optical transmittance (< 97.7%) and good electrical conductivity attracting the

attention for applications such as for transparent conductive electrodes.

[74]

Graphene,

experimentally studied over 40 years, has endless potential applications in almost every industry
(like electronics, medicine, aviation and much more). Due to the relatively hard synthesis method
and the high price of graphene, great efforts are taken to find effective yet inexpensive ways to
produce and use graphene derivatives or related materials. [75]
Graphene oxide (GO) is a single-atomic-layered material, made by the powerful oxidation of
graphite, which is cheap and abundant. It is an oxidized form of graphene, laced with oxygencontaining groups. The polar oxygen functional groups of GO render it hydrophilic so that it can
be dispersible in water (and other solvents), and it can even be used to produce graphene. GO is
synthesized by either the Brodie, [76] Staudenmaier, [77] or Hummers method, [78] or some variation
of these methods. It is commonly sold in powder form, dispersed, or as a coating material on
substrates. [79] It has been widely applied in field-effect transistors, sensors, transparent conductive
films, clean energy devices, biomedical applications and the synthesis of the graphene-polymer
nanocomposites. [80]
Reduced graphene oxide (rGO), with π-π stacking on the surface, has an excellent property as an
adsorbent. Even though it has defects on the surface, rGO is the most low-cost solution to achieve
the similar quality as graphene sheets. Usually, the reduction of GO is one of the critical reaction
13

Figure 1.5 The molecule structure of graphene, GO and rGO.

for reduction of the oxygen-containing groups. Christopher W. Bielawski et al. summarized the
reduction methods as follows: (1) chemical reduction by hydrazine monohydrate, hydrazine,
sodium borohydride; (2) thermally-mediated reduction; (3) electrochemical reduction.

[81]

The

technology platform of the proposed innovative material also allows targeting a single compound
or a broad range of compounds depending on the application and modification on the
functionalization of the particle. Figure 1.5 shows the molecular structure of graphene, GO and
rGO.
Graphene based materials have been investigated during the last twenty years. Their composites
have been applied to remove various organic pollutants, such as dyes, aromatic compounds,

[82]

naphthalene and 1-naphthol, bisphenol A, phenol, reactive black 5, tetracycline antibiotics, [83] and
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oil. [84] Also, GO and rGO have a better thermal stability than AC, where morphological changes
of GO/rGO exhibited a well-defined thermal stability up to 420 °C. [85] Different mechanisms may
have simultaneous interactions between organic pollutants and graphene-based composites,
including van der Waals type interactions, π–π bonds (cation–π bond), electrostatic interactions,
hydrogen bonds and anion-cation interaction.

[86]

But the predominant adsorption mechanism is

diverse for different organic chemicals (such as polar and nonpolar). For example, Ramesha et al.
indicated that graphene and GO could be active adsorbents toward anionic and cationic dyes
because of the high surface area and the negative surface charge. [87] The interactions between the
charged dyes and adsorbents are electrostatic and van der Waals type interactions depending on
the system. The mechanism is schematically represented in Figure. 1.6. [88]
Even though the graphene-based materials have a broad adsorption property for cationic, anionic
and nonionic molecules, they are still hard to meet the requirement in the water treatment process.
The crucial advantage of adsorption process is low-cost and broad adsorption property of primary
source. The high price and toxicity of graphene-based materials should be considered. In the
synthesis and adsorption process, some difficulties should be overcome, such as separation,
recycle-ability, aggregation, distribution in the water solution, and easily irreversible agglomerates
of graphene sheets.
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Figure 1.6 Schematics interaction interactions (a) EGO/MB, (b) EGO/MV, (c) EGO/RB, and (d)
rGO/OG. [88]

Apart from that, single-layered GO suspensions demonstrate high adsorption capacity due to its
homogeneity and large surface area.

[89]

However, its use as either suspended GO solution or

dispersed nano-sized graphene-based materials is not practical for large-scale operation due to the
issues with their removal and the resultant residues. The hydrophilicity of GO provided by a variety
of oxygen functional groups on the surface, carboxyl, hydroxyl, and epoxy group, leads to high
solubility in aqueous and organic solutions.

[90]

Previously, scientists were focusing on synthesis

method or configuration of the graphene-based materials such as microspheres, hydrogels,
membranes, magnetic nanoparticle composites to avoid their removal and the resultant residues in
water purification. [92,93] However, the use of a graphene-based membrane or graphene composites,
hydrogels are limited by multiple layered structures which can reduce the active sites, specific area
and pores structure when compared with the single-layered structure.
16

1.2.4 Toxicity of graphene-based products
The toxicity of graphene-based products, especially graphene-based nanocomposites, has been
studied with the application in the industry in recent years. It should be studied to ensure its safety
to humans and wildlife. The discovery of graphene toxicity was evaluated with its safety profile
and impact on human health by Ken Donaldson and his colleagues. They demonstrated that the
graphene nanoplatelets “trigger the inflammatory response in lung cells and those found in the
pleural space.” [94] Moreover, GO, with higher solubility and dispensability, is widely used with
nanomaterials for water purification. Recently, S. Zou et al. reported a systematic toxicity
investigation of GO and revealed that it has a more significant impact on semi-adherent cell line
and suspension cells.

[95]

Amedea B. Seabra et al. also summarized that GO is activated in the

human organs and can agglomerate in the human respiratory system because of the screening of
electrostatic charges and binding of the protein. [96] They revealed that the generation of reactive
oxygen species in target cells is the most critical cytotoxicity mechanism of graphene. In summary,
understanding the toxicity of graphene-based nanomaterials is vital for the sustainable
development of water treatment process, and more studies on this topic are required. In general,
the less graphene-based materials residues released during the water treatment process, the safer
the water.

1.3 Literature review of graphene-based materials for POPs removal

The application of graphene-based materials as adsorbents for organic and inorganic removal have
shown excellent results. M Paixão et al. summarized the adsorption of organic compounds by
graphene, GO, and rGO shown in Table 1.3. [100]
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Table 1.3 Adsorption of organic compounds by graphene, GO and rGO in water treatment process.
Adsorbent
Graphene

GO

rGO

Adsorbate

References

naphthalene, 2-naphthol, 1-naphthylamine, phenol, p[101,102]

toluenesulfonic acid, 1-naphthalenesulfonic acid, bisphenol A
1,2,4-trichlorobenzene (TCB), 2,4,6-trichlorophenol (TCP), 2[103,104,105,106]

naphthol, naphthalene, naphthalene, 1-naphthol
Phenanthrene, naphthalene, anthracene, pyrene, phenanthrene,
[107,108,109,110]

biphenyl

1.3.1 Graphene-based nanocomposites for POPs removal
Recently numerous approaches have been investigated for the development of cheaper and more
effective novel composite adsorbents. These composite materials deserve attention because they
combine the properties and advantages of each of their components. They represent an exciting
and attractive alternative as adsorbents and catalysts due to their high reactivity and excellent
selectivity towards specific pollutant compounds. [36]
Several researchers have focused on the graphene-based nanocomposites by modification of
graphene or GO and aim to increase the adsorption efficiency, capacity and widespread species of
the contaminants in aqueous media. Two main topics have been researched. (1) Metal oxide
nanocomposites. Usually, nanosized FeO, MgO, CuO2, magnetic Fe2O3 and Fe3O4, and TiO2 were
chosen and synthesized with graphene-based materials as nanocomposites. Especially, the addition
of magnetic Fe3O4 can achieve an easy manipulation in magnetic field for desired separation. Lu
et al. and Wang et al. described a magnetic (Fe3O4)/rGO nanocomposite by one-step solvothermal
synthesis or chemical deposition for dyes removal.

[111,112]

Srikanth et al. reported that the MgO

decked multi-layered graphene (MDMLG) is synthesized and used as an adsorbent to remove
Safranin O (SO) dye from water.

[113]

Yang et al. added FeO and Fe2O3 to GO and studied the
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performance in the removal of 1-naphthylamine, 1-naphthol and naphthalene.

[114]

Moreover,

photocatalyst by TiO2 for POPs removal have been studied for years. Graphene-based materials
have been impregnated into TiO2 as nanocomposites and shown the adsorption and photocatalytic
ability than pure TiO2 nanoparticles.

[115]

(2) Monomers or polymers. Monomers can modify the

graphene base materials surface, which increase the adsorption capacity of target pollutants. Zhao
et al. reported that sulfonated graphene has been described as one of the most effective adsorbents
for naphthalene and1-naphthol. [116] They also can be polymerized to modify and adjunct the layers
of graphene-based materials. Dopamine, β-cyclodextrin, acrylic acid, vinyl alcohol, methyl
methacrylate has also co-operated with graphene-based materials as adsorbents for organic
pollutants removal.

[117,118,119,120,121,122]

Polymers, can be used as a crosslinked agent for surface

modification of graphene-based materials. Graphene based materials can be formed as hydrogel,
sponge, membrane, and bulk by polymerization. For example, chitosan, with primary and
secondary hydroxyl groups, and highly reactive amino groups, is a multifunctional polymer. It was
used as a cross-linking agent for graphene-based materials to fabricate graphene-based hydrogel
or membrane. Yang et al. reported that combination of chitosan and GO has high efficiency in
removal of various dyes and metal ions from aqueous solution. [117]
1.3.2 Graphene-based sponge, foam or hydrogel for POPs removal
The aim of fabrication of graphene-based film, sponge or hydrogel is to make porous and shapeplastic materials with a high specific surface area for versatility and recyclability during the water
treatment process. Sun and Ruoff et al. studied hydrophobic spongy GO and rGO for removal of
petroleum products, toxic solvents (toluene and chloroform).

[124]

Others have studied the hybrid

foam with a combination of micro-AC or nanotube for removal of organic solvents. [125] With the
addition of nanotube or micro-AC, the hybrid graphene-based foam has more porous volume and
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active sites than bulks, which leads to an excellent adsorption performance than commercial AC.
For example, Kim et al. presented carbon nanotube-bonded graphene hybrid aerogels that were
prepared by growing carbon nanotubes on a graphene aerogel surface with nickel catalysts. It could
remove both anionic and cationic dyes effectively from water.

[126]

Besides that, Huang et al.

investigated self-assembly of the graphene-based hydrogel using a biocompatible polysaccharide
as both a stabilizer and a physical cross-linking agent, which showed excellent dye adsorption and
antibacterial capability. [127]
1.3.3 Graphene-based materials with sand composite
Another development, graphene–sand composites have been studied and applied as an adsorbent
for organic containments. Sreeprasad et al. observed adsorption capacity of GO coated sand for
the removal of rhodamine was 75.4 mg g-1. It was also revealed that the particle size and the loading
of GO had a substantial effect on the adsorption study. [128] Thalappil Pradeep et al. suggested that
acetone could be used to regenerate for graphene–sand composite and presented an in-situ strategy
for the preparation of graphene immobilized on sand using asphalt for water purification. They
took Rhodamine-6G, a pesticide, as the model compound and showed that the adsorption capacity
of graphene–sand composite is 75.4 mg g-1 while it is 44.7 mg g-1 for commercial AC. [129]
In conclusion, graphene-based composites are promising adsorbents as advanced materials for
organic pollutants. The literature survey shows that they are alternatives to commercial AC. For
economic aspect, simple, flexible and facile fabrication methods are attractive and preferred.
However, A few many challenges should be overcome before practical application: (1) Adsorption
test study. Most of the adsorption characteristics of graphene-based materials are restricted to batch
experiment. Few reports about graphene-based materials are based on the column or fixed-bed
dynamic adsorption. However, in practice, the results from fixed-bed column test for adsorbents
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are critical in water purification. (2) The toxicity and biocompatibility of graphene-based materials
and the chemicals used in the synthesis processes are rarely reported in the literature. The
desorption of graphene-based materials during the adsorption process should be considered as a
significant research topic, which can affect wildlife and humans. Moreover, fabrication methods
may result in hazardous waste and poisonous gases. Green, environmental-friendly approaches
should be designed. (3) Few studies focus on the regeneration and recyclability. The adsorbents
should be performed to determine the reusability of an adsorbent which can contribute in
evaluating of economic feasibility and effectiveness in practice. (4) Cost is of overriding
importance in determining the application of graphene-based materials for large-scale industrial
applications. The comparison between commercial AC should be included in cost-benefit analysis.
(5) Moreover, very few adsorbents are available on multiple solutes system. The selectivity of
graphene-based composites for different organic chemicals in different solvents should be pursued
to provide insights into target species. A schematic diagram summarizing the challenges of
graphene-based materials for POPs removal in water treatment are shown in Figure 1.7.
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Figure 1.7 A schematic diagram summarizing the challenges of graphene-based materials for POPs
removal in water treatment.
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Chapter 2 Research Objectives, Motivation, Novelty and
Methodology
2.1 Goal

The goal of this research is to fabricate a novel adsorbent made of GO/rGO attached on natural
zeolite substrates for the removal of variably charged organic model compounds and POPs in
aqueous solutions.
2.2 Objectives
The research evaluates novel particles by GO/rGO coated on the zeolite substrate and their
subsequent enhancements for the removal of organic model compounds and emerging POPs from
water with batch and fixed-bed column experiments. Zeolite serves as the substrate and low-cost
core components for increasing the contact area of GO, while thin-layered GO/rGO on the surface
of zeolite serve as adsorbents. It can be used as single particle type or a multiplexed filter with the
ability to remove a wide range of organic contaminants. The objectives of this thesis are:
Objective 1: Develop a practical and convenient approach to coat GO sheets on the surface of
natural zeolite. Ex-situ hybridization of graphene-based materials, spin coating, vacuum coating
and drying coating, was developed, studied and compared by their adsorption performance and
stability;
Objective 2: Evaluate the influence of pH, temperature, and flow rate in adsorption performance
by performing column test experiments in laboratory scale;
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Objective 3: Compare the adsorption behavior of anionic, cationic, and non-ionic surfactants on
GO coated natural zeolite in order to determine the effect of the surfactants on organic model
compounds removal;
Objective 4: Modify natural zeolite surface to enhance the interaction between zeolites and GO for
increasing loading and stability of GO attached on zeolites;
Objective 5: Reduce GO on the natural zeolite to increase the adsorption capacity for organic
model compounds and POPs.
Objective 6: The modeling of adsorption mechanism of Reduce GO on the natural zeolite for
organic model compounds removal.

2.3 Motivation

As described above, the adsorption phenomenon of graphene-based materials is due to the surface
forces (H bonding, electrostatic interactions, van der Waals forces, etc.). Single-layered GO
suspensions demonstrate high adsorption capability for POPs due to its homogeneity and large
surface area.

[96]

The hydrophilicity of GO, which is provided by a variety of oxygen functional

groups on the surface, carboxyl, hydroxyl, and epoxy group, leads to high solubility.

[97]

The

exclusive use of layered GO sheets with no substrate is not applicable because residues would
remain in the water. It is of concern as GO has moderate toxicity toward human and wildlife. [98]
Previously, scientists were focusing on synthetic methods for appropriate configurations of the
graphene-based materials, such as bulks, hydrogels, membranes, magnetic nanoparticle
composites. It is aimed to avoid resultant residues of graphene-based materials in water
purification. [111-120] However, the use of graphene-based bulks, membranes hydrogels were limited
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by multiple layered structures. The application of magnetic nanoparticles composites with
graphene-based materials could not avoid the agglomerations in the aqueous solutions. So, it could
not be used in the fixed-bed water treatment system.
Meanwhile, the increase of adsorption capacity of universal adsorption composites is the result of
the sum of the capabilities of its sources. The introduction of graphene-based materials reduces the
surface area of substitutes and dramatically increases the porosity and surface area of the
adsorbents. They can drastically increase the adsorption capacity and broaden the adsorption
ability of adsorbents. For example, even 1wt% graphene-based materials attached to a substrate
can dramatically increase the adsorption capacity.
Natural zeolite, as environmentally and economically acceptable material, has a unique threedimensional porous structure which provides a broad application in industries. It is compact and
requires cheap and straightforward maintenance in full-scale water treatment processes. It can be
easily modified by techniques such as acid treatment, ion exchange, and surfactant
functionalization.

[121]

In this thesis, the natural zeolite is used as a substrate for supporting the

GO/rGO sheets on the surface. It has not been reported as a substrate for graphene-based materials
for POPs removal.

2.4 Novelty

The proposed idea of loading graphene-based product on natural zeolite and utilizing it as a single
particle for the removal of pollutants from water has never been reported. It should be noted that,
so far, no commercial product is capable of simultaneous and effective removal of a broad range
of organic compounds. The technology platform of the proposed innovative material also allows
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targeting a single compound or a broad range of compounds depending on the application and
modification on the functionalization of the particle.
1. A new method for coating GO on natural zeolites surface using drying process.
A simple and effective coating method for fabrication of graphene composites is required for the
industrial application. In chapter 3, a facile dry coating method of GO coated on natural zeolite
have been reported for the first time. It was compared with the spin coating and vacuum coating
methods. Moreover, the loading of GO on natural zeolites, its surface adsorption properties,
performance evaluation and experiment condition have also been reported for the first time.
2. Using surfactants to enhance the interaction between the zeolite and GO.
Adsorbent surface modification of zeolite and graphene-based materials by surfactants has been
comprehensively investigated for dye removal, respectively.

[122-123,124]

They focused on the

improvement of the adsorption capacity for a specific adsorbate and the interaction between the
surfactants and surface of zeolite or graphene-based materials. However, a broad range of
adsorption for dyes and POPs and the interactions between zeolites and graphene-based materials
have not been reported. A strong interaction between GO and the zeolite can lead to a higher
loading of GO which can lead to a better adsorption performance. Meanwhile, it can reduce the
desorption of GO from the zeolite. In chapter 4, variable-charge surfactants are used as an agent
to increase the interactions between GO and the zeolites. The study on the effect of variablecharge surfactants on the stability of adsorbents and the adsorption performance of anionic,
cationic and non-ionic organic model compounds have been reported for the first time.
3. Using 3-aminopropyltriethoxysilane (APTES) to enhance the attachment of GO on zeolites
surface and increase the coating layers of GO.
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In chapter 5, APTES was introduced to modify the zeolites surface from negative to positive
charges for the first time, which enhance the bonding between the GO and the zeolite by
electrostatics instead of hydrophilicity. It was inspired by the studies of APTES modification of
SiO2.

[125,126,127]

The aims of surface modification are: increasing the loading of graphene-based

materials on the zeolites surface to improve their adsorption properties and enhance the bonding
between the graphene-based materials and zeolites to avoid desorption.
4. In-situ partial reduction of GO on the natural zeolite by a physical method(microwave) and
chemical method (vitamin C).
RGO, with sturdy π-π stacking on the surface, has a better adsorption ability than GO. In this study,
two methods for in-situ reduction of GO on natural zeolite: by using microwave heating and
vitamin C, were studied and evaluated. The in-situ reduction of GO on zeolites surface can improve
the adsorption capability of adsorbents by environmental-friendly approaches and reduce the cost
of reduction. In 2010, Chen et al. reported that reduction of GO to graphene could be achieved
with the assistance of microwaves in the organic solvents.

[130]

In the same year, Zhou Li et al.

synthesized the well-controlled go by dry microwave treatment of a free-standing GO film without
using reducing agents.

[131]

Later, the microwave treatment for GO reduction was applied on

graphene-based composites including GO based metal nanocomposites, GO with polymers or
carbon nanotubes, and GO surface modification.

[132]

However, the GO reduction on the

macrostructure materials haven’t reported. In 2012, M.J. Fernández-Merino et al. reported vitamin
C has an excellent reduction ability as an ideal substitute for hydrazine in GO suspensions
reduction.

[134]

A simple, safe and effective approach open the perspective of using the go in

practical application in large-scale production. This approach applied in a fundamental study of
GO, GO composites nanomaterials synthesis. In chapter 5, it has shown that two approaches, in27

situ microwaved and vitamin C reduction of GO on zeolites surface, are reliable and promising
large-scale production approaches to fabricate rGO attached to zeolites surface.
In general, to achieve the goal of this research, coating method, surfactants modification and the
improvement of the adsorption performance of the adsorbents have been studied. Figure 2.1 shows
the outline of this thesis.

Figure 2.1 Outline of the thesis.
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2.5

Experimental

2.5.1 Adsorption experiment
Column experiment
The column experiment was conducted in glass columns of 21 cm length and 2 cm internal
diameter. A fixed-bed was created by placing a piece of gauze at the bottom of the column, dry
loading the media into the column to a bed height of 13 cm and placing a piece of gauze at the
bottom of the column, shown in Figure 2.2. Before filtration, the column was connected to a
peristaltic chemical metering pump, and the pH of the adsorbents was adjusted to 7 with 0.1 M
NaOH, then rinsed with 1L deionized water. A 1ml of 40mg L-1 organic model compounds and
POPs solutions were prepared to test the removal efficiency of adsorbents, individually. The
solution flowed into column (downward flow) at a rate of 5 mL min-1.
The saturation experiment was studied by the same concentration of adsorbate. To observe
reactions with actual POP contaminants, 200µg L-1 BPA, PFOA and PCB solutions were prepared.
The following equations were used for the calculation of the removal efficiency and adsorption
capacity of the absorbents.
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =

(𝐶0 −𝐶𝑓 )
𝐶0

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑚𝑔/𝑔) =

× 100%
(𝐶0 −𝐶𝑡 )×𝑉
𝑚

(1)

(2)

All the experiments were performed in triplicate, and data were presented as mean ±SD (standard
deviation). The removal efficiency and adsorption capacity were calculated by the equations above
(1) and (2), where C0 (mg L-1), Cf and Ct (mg L-1) are the initial, final and outlet concentration for
dyes and POPs, V (L) is the solution volume and m (g) is the weight of GO or rGO.
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Figure 2.2 The column condition in laboratory scale (supplied by Dr. Marcia R. Silva)

Batch adsorption
A 1 g of adsorbent was added to 100 ml of organic model compounds solution of the desired
concentration at pH 6.0 in 250 ml reagent bottles and were agitated at 150 rpm for 48 h at room
temperature (25 ± 2 °C) in a mechanical shaker. The concentration of dyes was measured by times.
The equilibrium (qe) was calculated by the equation (1) and (2). The batch adsorption study was
replicated thrice for each of the adsorbents. Schematic diagram of batch experiment is shown in
Figure 2.3.

30

Figure 2.3 Schematic diagram of batch experiment.

2.5.2 Desorption of GO and rGO from the natural zeolite
To measure desorption of graphene-based materials from zeolite, 10 g of samples were immersed
in 100 ml water and placed on a shaker table for 24 hours at 200 rpm. The solid was removed by
filtration through 0.2 µm filters (Whatman) using a vacuum pump and rinsed the adsorbents by
deionized (DI) water for three times. The weight loss of adsorbents was measured to determine the
stability of GO and rGO on the zeolites surface.
2.5.3 Thermal regeneration
Thermal regeneration of the adsorbents was carried out in an electric furnace. According to the
literature, rGO has an excellent thermal stability under 550 oC and the melting points of PCB, BPA,
and PFOA are lower than 500 oC. So, the samples were placed in the electric furnace at 500 oC
under an N2 atmosphere for 1 hour with at 10 oC min-1. The removal efficiency of dispersed blue
26 (melting point at 217 oC) was used to test the regeneration ability of our samples.
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2.6 Analytical Methods

Raman spectroscopy (Raman) was carried out using a Horiba XploRA Plus Raman microscope
with a 532 nm HeNe laser with three accumulations of 10 seconds each. Infrared (IR) spectra were
collected with a Shimadzu Vector Fourier transform spectrophotometer at a resolution of 4 cm −1
with 40 scans per spectrum. X-ray photoelectron spectroscopy (XPS) spectra of samples were
obtained using an HP5950A ESCA spectrometer with monochromatic Al Kα radiation as the Xray source. Zeta potential was measured using a zetasizer nano ZS (ZEN3600, Malvern), using
water as background. The morphologies of as-prepared samples were characterized by scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS), performed on a
Hitachi S-4800 equipped with a Bruker EDS detector. EDS element mapping was checked under
200 kV accelerating voltage with an image resolution of less than 0.08 nm and energy resolution
of 0.35 eV.
The concentration of methylene blue and disperse blue 26 was detected by a UV visible
spectrophotometer (UV-1800) Thermo Scientific. The concentration of sodium fluorescein was
determined by the Synergy H4 multi-mode plate reader. The pH of solutions was measured by a
pH meter model OAKTON 700. Quantification of total BPA and PFOA was carried out by liquid
chromatography coupled with tandem mass spectrometry through a turbo spray interface operating
in the negative ion mode. The mobile phase consisted of water and methanol at a flow rate of 0.4
mL min-1. The elution program was as follows: linear gradient from 40% to 60% of methanol for
20 min and then reverting to initial conditions allowing 10 min for column stabilization. The
eluates from the analytical column were diverted by the switching valve to waste, except for the
elution window from 9 to 11 min. The injection volume was 10 μL, and the temperature for the
analytical column was set at 35 °C.

[134,135]

Quantification of PCB was detected with GC-MS
32

(Shimadzu GCMS-QP2010 plus). The extraction of PCBs from water samples using method 3510
(separatory funnel) extraction method for subsequent analysis by SW-846 EPA Method 8082A.
[142]
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Chapter 3 A study of fabrication methods of graphene oxide
coated on the natural zeolite
3.1 Introduction

The fabrication methods of graphene-based inorganic composites including nanoparticles were
summarized by Zhang et al. in 2012.

[136]

Enormous efforts have been made to enhance the

properties for a comprehensive application like electronics, storage, and water purification and so
on. Metals like Au, Pt, Ni; oxides like TiO2, SnO2, MnO2, SiO2 have been composed with
graphene-based materials.

[110-121]

The fabrication methods can be classified as ex-situ

hybridization and in-situ crystallization. The graphene-based sheets can encapsulate or coat on the
surface of the material through ex-situ hybridization. The ex-situ hybridization of graphene
derivations and materials are usually by van der Waals' force, covalent and non-covalent bonding
and electrostatic adsorption through merely mixing of GO solutions and materials. It is considered
as a simple and practical approach to fabricate graphene-based composites. The in-situ
crystallization of graphene-based composites can be achieved through chemical reduction,
electroless deposition, electrochemical deposition, self-assembly, sol-gel method, thermal
evaporation, and hydrothermal methods. [136]
This chapter aims to develop a practical and convenient approach to coat GO sheets on the surface
of the natural zeolite. The proposed idea of loading graphene-based materials on the natural zeolite
and utilizing it as a single particle for the removal of POPs from water have never been reported.
Three ex-situ hybridization methods including spin coating, vacuum coating and dry coating
method were developed and studied. Characterization of the adsorbents was done using FT-IR,
SEM, zeta potential, Raman, EDX and BET studies. The loading of GO on zeolites surface,
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physical stability and the adsorption performance of the samples made by these three methods
were systematically studied. It should be noted that, so far, no commercial product is capable of
simultaneous and effective removal of variably charged organic compounds. The removal
efficiencies of organic pollutants including BPA, PCB, and PFOA were also examined by column
experiments. Finally, the optimization of operation conditions including pH value, flow rate and
temperature was determined by column experiments.

3.2 Experimental
3.2.1 Materials
Australian natural zeolite (diameter: 0.7-1 mm, chemical composition: 68.26% SiO2, 12.99%
Al2O3, 4.11% K2O, 2.09% CaO, 1.37% Fe2O3, 0.83% MgO, 0.64% Na2O, 0.23% TiO2, Zeolite
Australia Ltd.), GO (ACS Materials), granular activated carbon (coconuts) (GAC, General Caron
corporation), the dyes, which are disperse blue 26 (Crescent chemical), methylene blue (Electron
Microscopy Sciences), and sodium fluorescein (Pfaltz &Bauer), are chosen as the representations
for neutral, cationic, and anionic organic model compounds. Bisphenol A (BPA, ≥99%, SigmaAldrich), perfluorooctanoic acid (PFOA, 96%, Sigma-Aldrich), polychlorinated biphenyl (PCB，
Aroclor 21, 200µg mL-1, Sigma-Aldrich).
3.2.2 Clean zeolite
Raw zeolite was cleaned before fabrication. 40 g of raw zeolite was added into a large beaker and
filled in with 500 mL of DI water. Beaker was then placed in the sonicator and set the frequency
as 37 kHz for 15 minutes. This step was repeated for ten times. (The zeolite was rinsed by 500ml
for each time) The sonicated zeolite was immersed in 200 mL DI water in a large beaker and
microwaved at low power for 15 minutes to bring the DI water to a low boil. This step was repeated
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for ten times. The beaker was refilled with 200 ml DI water before microwave treatment. Finally,
clean zeolite was rinsed and dried in the oven at 100 oC for 24 h.
3.2.3 Spin coating, vacuum coating and drying coating method
1.0 mg mL-1 and 2.5 mg mL-1 GO aqueous solution was made by sonication of the solutions for at
least 2 hours at 40~60 oC. Spin coating method: 15ml of 1mg ·mL-1 aqueous solution of GO was
poured on top of 15 g clean zeolite and was set to spin at 600 rpm for 5 min to cause uniformly
spreading of the solution onto the zeolite. Then it was sped up to 800 rpm for 5 min to thin the
solution layer, and finally the spin coated GO on the zeolite (SCGZ) was kept at 1600 rpm for 5
min to dry the samples. Vacuum coating method: 15g of clean zeolite was mixed with 15ml of
2.5mg ·mL-1 aqueous solution of GO. Then the mixture was poured into a filtration apparatus with
a filter membrane (diameter 0.45 µm), and the vacuum was held for 10 minutes. Finally, vacuum
coated GO on the zeolite (VCGZ) was placed in an oven at 100oC for 24 h. Dry coating method:
15 ml of 2.5 mg mL-1 GO solution was added to the beaker containing 15 g of clean zeolite and
shaken on a shaker for 120 mins at 150 rpm. Finally, dry coated GO on the zeolite (DCGZ) was
dried at 100oC for 24h. All the samples were rinsed with ethanol for three times and by water three
times to remove the extra GO on zeolites surface. The theoretical loading of GO on the zeolite was
listed in Table 3.1.
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Table 3.1 Method of investigation of GO coated on the zeolite

Machine

Theoretical
loading of GO

Methods

Process

Spin
coating

Zeolite was added in a petri
dish with GO solution, then
was spanned at a certain
speed.

1 mg g-1

Vacuum
coating

Zeolite was immersed in
the GO solution, then dried
by vacuum system.

2.0 mg g-1

Dry
coating

Zeolite was immersed in
the GO solution and,
shaken on the orbital shaker
for 2hours.

2.5 mg g-1

3.3 Results and Discussion
3.3.1 Characterization
The morphology of the natural zeolite (a), SCGZ (b), VCGZ (c), and DCGZ (d) was determined
by SEM shown in Figure 3.1, respectively. The rough and porous structure of the natural zeolite
and SCGZ can be seen clearly in Figure 3.1 (a) and (b). It is hard to find large GO sheets on SCGZ
due to a lower loading of GO (1 mg mL-1). After the combination with GO and the zeolite by
vacuum and dry coating methods, GO presents the sheet-like structure with a smooth surface on
the zeolite which has a much more continuous surface, shown in Figure 3.1 (c) and (d). [137] EDS
elemental mapping of carbon for DCGZ revealed that the carbon layers were partially uniformly
dispersed on the surface of zeolite, as shown in Figure 3.1(e) and (f).
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Figure 3.1 SEM images of natural zeolite (a), SCGZ (b), VCGZ (c), DCGZ (d), and EDX element
mapping of carbon for DCGZ is shown in the (e) and (f).

The Raman and FT-IR spectra of the DCGZ are shown in Figure 3.2. The Raman mapping is used
to map the sample surface with lateral resolution as good as 1 µm. This micro-scale Raman
mapping is used to check GO distribution on zeolites surface. The micro-scale Raman map of the
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DCGZ shows two peaks: The G-band of GO appears at 1594 cm−1 and that of D band at 1341
cm−1. Figure 3.2 also shows the FT-IR spectra of DCGZ. In the range of DCGZ, the broadband at
3427 cm−1 can be assigned to the stretching vibration of the -OH groups situated on the surface of
GO. The peak at 1725 cm-1 corresponds to the -COOH functional groups and the appearance of a
peak at 1631 cm−1 is owing to the skeletal vibration of unoxidized graphitic domains. The peak at
1393 cm−1 is attributed to the -OH deformation peak and bending vibration of interlayer water.
The C-O (epoxy) and the C-O (alkoxy) stretching vibration peak of GO appear at 1231 and 1061
cm−1, respectively.
Physical properties of clean zeolite, GAC (coconuts), SCGZ, VCGZ and DCGZ are summarized
in Table 3.2. The surface areas, volumes and pore sizes were calculated by the Density Functional
Theory (DFT) approach. It shows that the specific pore volume and surface area follows the trend:
GAC > DCGZ > VCGZ > SCGZ > clean zeolite. GAC as a successfully commercialized adsorbent,
has a remarkable 0.42 cm2 g-1 specific pore volume and 1231 m2 g-1 specific surface area. Also, it
displays that the loading of GO on zeolites surface has a strong impact on pore structure. The
higher of loading of GO, the higher specific pore volume and surface area it exhibits. Compared
with the clean zeolite, the specific pore volume and surface area of DCGZ were increased from
3.79×10-2 to 0.11 cm3 g-1 and 14.7 to 159.4 m2 g-1, respectively. It demonstrates that GO coating
layers increases the pore volume and surface area significantly and it may result in the
improvement for the organic model compounds and POPs adsorption capacity.
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Figure 3.2 Micro-scale Raman mapping of the DCGZ. The blue color corresponds to high intensity of
GO, Z is the depth 5.05 μm and the area is 400 µm2 (a). Raman spectra and FT-IR of DCGZ (b, c).
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Table 3.2 BET surface and pore structure characteristics of adsorbents

The surface charges of clean zeolite, SCGZ, VCGZ, and DCGZ in aqueous solutions were further
examined by zeta potential measurements at different pH values ranging from 2.0-11.0. It is used
for explanation of the interactions between GO and the zeolite, as well as predicting the adsorption
capability of our adsorbent for variably charged POPs adsorption. As shown in Figure 3.3 (a), the
zeta potential values of GO are from -14 to -53 mV at pH range from 2 to 11, which has also been
reported by Yang Shubin et al..

[137]

The negative charges originated from the ionization of the

carboxylic acid and phenolic hydroxy groups located on the GO. The values of zeta potential for
clean zeolite are negative, too. The mechanism of coating GO sheet on the zeolites surface is
mainly the interactions of the interlayered hydrogen bonds for facilitating GO sheet adherence to
the zeolites surface. [137]
The values of zeta potential for targeted organic model compounds and POPs are shown in Figure
3.3 (b). It reveals that the values of the zeta potential of methylene blue and PCB are similar and
in the range from 15 to -9.5 mV from pH 2 to 11. The values of the zeta potential of sodium
fluorescein flows the trend of the values for PFOA. Moreover, the values of the zeta potential of
disperse blue 26 are comparable with the ones of BPA. These can be explained by the similar
molecule structure or charges of organic model compounds and POPs. The molecule structures of
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methylene blue disperse blue 26 and sodium fluorescein are shown Figure 3.3 (d). Finally, the
values of the zeta potential for clean zeolite, SCGZ, VCGZ and DMGZ are shown in Figure 3.3
(c). It shows that the value of zeta potential of the samples depends on the loading of GO coated
on the zeolites surface. The higher the loading of GO, the lower the value of zeta potential.

Figure 3.3 Zeta potential vs. pH for GO (a), organic model compounds (b), clean zeolite and GO coated
zeolites by different coating methods (c) at pH range from 2 to 11. The molecule structures of methylene
blue disperse blue 26, sodium fluorescein (d).

42

3.3.2 Desorption experiment
Desorption experiment was conducted to study the stability of different coating methods. It is as
known that an inappropriate coating method could cause the loss of GO when the solution is
fluxing through the adsorbents. Herein, stronger bonding and higher loading of GO are desired to
gain a better adsorption performance and stability during water treatment process. In Figure 3.4
(a), it displays the decrease of the GO loading for spin, vacuum and dry coating methods after
shaking for 24 hours. Even though the theoretical loading of GO on SCGZ is approximate 1 mg g1

, it was reduced to approximate 0.7 mg g-1 and the removal efficiency of disperse blue 26 remained

as low as 45.2%. VCGZ lost approximately 0.7 mg g-1 (56%) of GO on the zeolites surface. From
Figure 3.4 (b), VCGZ has the darkest solution of dissolved GO which was desorbed from zeolites
surface. It is results from the high loading of VCGZ (2 mg mL-1) and a weak interaction between
GO and the zeolite. The vacuum coating method gives a short contact time for GO and the zeolite.
And GO sheets can be easily accumulated on the zeolites surface and formed a multiple layered
structure which can be easily detached from zeolites surface. DCGZ displayed better performance
than the others. The removal efficiency was reduced from about 67% to 62.2%. Meanwhile, the
loading of GO reduced to approximate 1.7 mg g-1. Based on this experiment, the dry coating
method performed a stronger interaction between GO and the zeolite which benefits from longer
contact time and proper distribution during the shaking and drying process.
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Figure 3.4 The removal efficiencies of before and after desorption experiment for dispersed blue 26 by
different coating methods (a), and the images of 10g samples in 20 ml water solution after desorption
experiments.

3.3.3 Organic model compounds adsorption experiments
Figure 3.5 presents the removal efficiencies and adsorption capacity of variably charged organic
model compounds. 40 mg L-1 of organic model compounds was used and adjusted the value of pH
to 7. The removal efficiency and saturation curves were obtained by column test experiments under
a continuous flow rate of 5 ml min-1 at room temperature. The amount of organic model compound
was determined by the total pore volume of the column, which is equivalent to Ww (weight of
water)- Wz (weight of zeolites) at the same volume. We set the activated material for our adsorbent
is GO sheets, and the amount of adsorbent is the loading of GO on the natural zeolite. The objective
of the fixed-bed column test is to design a laboratory scale experiment to test the adsorption ability
of adsorbents. It is assumed that the amounts of coating GO are approximate 0.7 mg g-1, 1.1 mg g1

, and 1.8 mg g-1 for SCGZ, VCGZ, and DCGZ, respectively. (Proved in the desorption experiment

in section 3.3.2).
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The adsorption performance of clean zeolite, GAC, SCGZ, VCGZ, and DCGZ, are shown in
Figure 3.5. It shows the removal efficiency of variably charged organic model compounds, anionic
methylene blue, non-ionic disperse blue 26, and cationic sodium fluorescein, respectively. Clean
zeolite displays a weak adsorption performance which has only 8%, 92% and 35% removal for
disperse blue 26, methylene blue, and sodium fluorescein, respectively. While DCGZ shows
higher removals for organic model compounds than SCGZ and VCGZ due to the higher loading
of GO on zeolites surface. It also indicates that the DCGZ removal efficiencies of disperse blue 26
and methylene blue are close to the GAC, which are 69% and 99.4%, respectively. It is noted that
cationic methylene blue is more favorably adsorbed onto DCGZ and GAC due to the electrostatic
interactions. According to the previous analyses, the values of zeta potential of sodium fluorescein,
GAC and DCGZ are negatively charged. The removal efficiency of DCGZ for sodium fluorescein
reaches to 87.5% which is a significant improvement compared with SCGZ and VCGZ. However,
it is still less than the removal of GAC, which is 96.4% removal for sodium fluorescein.
The adsorption capacities of clean zeolite, GAC, SCGZ, VCGZ, and DCGZ are shown in Figure
3.5 (b). When compared with clean zeolite, SCGZ, VCGZ and DCGZ show a higher adsorption
capacity for variably charged organic model compounds. The results indicate that the negative
charged GO sheets play a crucial role in adsorption. It is worthy to mention that the adsorption
capacity of DCGZ is over ten times than GAC. Especially for methylene blue, the adsorption
capacity reaches 2872 mg g-1. It reveals that even a small amount of GO sheets attached to the
zeolite can achieve a high adsorption capacity. It proves that GO sheets have a remarkable
adsorption capability for variably charged organic pollutants due to the strong surface force include
H bonding, electrostatic interactions, and van der Waals forces.
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Figure 3.5 The removal efficiency (a) and saturation experiment (b) of variably charged organic model
compounds for clean zeolite, GAC, SCGZ, VCGZ and DCGZ. The experiment condition is pH=7~9, flow
rate=5ml min-1, 1ml of the 40mg L-1 organic model compounds.
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3.3.4 POPs adsorption experiment

Figure 3.7 The removal efficiency of BPA, PFOA and PCB. The experiment condition is active materials
pH=7~9, the amount of GO=1.8 mg g-1, flow rate=5 ml min-1, the solutions of BPA, FPOA and PCB are
1ml and the concentration are 40 mg L-1.

Due to the large surface area and super adsorption capacity of graphene-based materials, the
mechanism study of adsorption of BPA, PCB and PFOA on GO sheets has been reported in recent
years. [138] It was assumed that the removal efficiency of BPA, PCB and PFOA by DCGZ should
be comparable as disperse blue 26, methylene blue and sodium fluorescein, respectively, because
of their analogous molecular structure and charges. In Figure 3.7, the column test shows that the
removal efficiency of BPA and PFOA are 64% and 84.3%, respectively. The result of the removal
efficiency of PCB by DCGZ is almost 100%, which is highly possible due to the negative surface
charge of DCGZ. The experiment reveals that non-ionic POPs (BPA) can adsorb less readily on
the DCGZ than charged POPs (PFOA and PCB). The adsorption mechanism of PCB on GO
surface is mainly because of electrostatic interactions, while the π-π stacking of GO also plays a
vital role in BPA and PFOA adsorption.
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3.3.5 Optimization of operation conditions
Meanwhile, optimization experiments for investigating the best condition for adsorption was also
conducted by using DCGZ, shown in Figure 3.6. The disperse blue 26 was selected as the organic
model compound. The pH of water solution, the temperature and flow rate are considered as the
critical factors in the removal efficiency and adsorption capacities for the column test.
Solution pH is considered as the most critical parameter in the adsorption process because it can
directly influence the GO surfaces and the degree of ionization of pollutants. In Figure 3.6 (a), it
shows that with increasing pH under acidic conditions, the removal efficiency of disperse blue 26
decreases gradually. The maximum removal efficiency was observed at pH =7. With the increasing
pH values from 7 to 10, the removal efficiency for DCGZ decreased. This shows that the pH has
a critical impact on the adsorption process, where higher pH of water solution leads to the lower
removal efficiency of the neutral organic model compound. It can be attributed to the function
groups and pH values of GO sheets. According to the obtained results, pH for DCGZ was about 7.
When the pH of the solution is higher than the pH of DCGZ, the surface of GO becomes negatively
charged and can adsorb cations by the electrostatic reactions. On the other hand, when pH of the
solution is higher than the pH of adsorbent, the surface of GO becomes positively charged and
absorbs anions. Considering the negative charge of disperse blue 26 at alkaline conditions (phenol),
the adsorption rate decreased due to the negatively charged GO surface. In addition, at alkaline
pH, the degradation of -OH groups of phenolic compounds, such as disperse blue 26 and BPA,
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Figure 3.6 The optimization experiment for disperse blue 26 in different pH, temperature and flow rate.
The experiment condition is pH=7~9, flow rate=5 ml min-1, the amount of GO (DMGZ) =1.7 mg g-1, 1 ml
of the 40 mg L-1 disperse blue 26. The optimization experiment for disperse blue in different pH,
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temperature and flow rate. The experiment condition is pH=7~9, flow rate=5 ml min-1, the amount of GO
(DMGZ) =1.7 mg g-1, 1ml of the 40 mg L-1 disperse blue 26.

prevents the formation of hydrogen bonds on the GO surface between adsorbed molecules in
solution and GO. As a result, adsorption efficiency is decreased. In contrast, because the zeta
potential of dispersed blue 26 at acidic conditions (pH=4.5) is similar with pH at neutral condition
(pH=7), the removal efficiencies of disperse blue 26 be close to each other.
However, the temperature from 0 to 40 oC shows less influence on the adsorption, which the
removal efficiencies are approximately 69% for dispersed blue 26. Also, the flow rate condition
test shows that the higher the flow rate, the lower the removal efficiency. It is attributed the short
residence time between the disperse blue 26 and GO. Finally, according to the water treatment
system in practice, the flow rate was set up at 4.8~5 ml min-1. In summary, the optimized operation
experimental condition is: pH=7~9, flow rate= 4.8~5 ml min-1 and the temperature between
0~40oC.
3.4

Conclusion

In summary, GO sheets coated on the natural zeolite substrate was prepared via spin, vacuum, and
dry coating methods. SEM, EDS, FTIR and Raman results showed that the GO sheets were
successfully attached to the zeolites surface. The analyses of zeta potential revealed the
interactions between the zeolite, GO and adsorbents. From the adsorption performance, it can be
concluded that the dry coating method for fabrication of GO coated on natural zeolite is an
effective and straightforward approach. DCGZ has a better physical stability and less desorption
of GO from the zeolites than the others. The removal and adsorption capacities of variably charged
organic model compounds for GO coated on the zeolites were described, which reveals that the
adsorption performance strongly depend on the loading of GO. The adsorption mechanism for
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organic model compounds and POPs by DCGZ included electrostatic and physical interactions
due to the functional groups and π-π stacking on GO surface. Optimization of column experiment
suggested the best operation conditions are:

pH=7~9, flow rate= 4.8~5 ml min-1 and the

temperature between 0~40 oC.
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Chapter 4 The effect of surfactants on the graphene oxide
coated on zeolites surface
4.1 Introduction

Surfactants are classified as anionic, cationic, and nonionic with negative, positive and no charged
groups, respectively. They are usually amphiphilic containing hydrophobic groups and hydrophilic
groups. Surfactants have been studied as agents for graphene-based material dispersion in aqueous
solution or the surface modification of graphene-based materials. The different mechanisms of
ionic and non-ionic surfactants in stabilizing graphene dispersions are explained by the theory for
colloidal stability.

[141,142]

The effect of surfactants and their concentrations on graphene-based

materials has been examined in many studies. [138,139,140]
Besides that, they have been used to enhance the interaction between graphene-based materials
and substrates.

[140,142]

Cationic surfactants functionalize the surface of substrate by exchanging

adsorbed cations on the anionic substrate surface. The adsorption of cationic surfactants on SiO2
surfaces have been reported that it is consistent with the wettability change of the film surface. [143]
Extensive studies reported impressive adsorption capacities of cationic CTAB modified SiO 2,
Al2O3, clays or AC for the removal of dyes, benzene, phenol, and chlorobenzenes.

[144,145,146,147]

Anionic surfactants are applied for dispersion and exfoliation of graphene-based materials sheets
in aqueous solution. Seo et al used anionic SDS as a surfactant to fabricate three-dimensional GO
sponge to remove cationic dyes. They demonstrated that the addition of SDS could improve the
anion-cation interaction between GO and dyes. [153] Additionally, nonionic surfactants are used to
stabilize the dispersion of graphene-based materials in aqueous solution and to improve the surface
hydrophilicity for substrates. They are used for graphene-based composites in heavy metal
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adsorbents, semi-conductors, nanofibers and so on.

[148,149,150,151]

Typically non-ionic surfactants

include alkyl polyglycoside, decyl glucoside, lauryl glucoside, PEG-10 sunflower glycerides, and
Triton X-100. [152]
In this chapter, variable-charge surfactants cationic CATB, nonionic Triton-X 100 and anionic
SDS were selected to enhance and stabilize the bonding between GO and zeolite. The molecular
structures of the surfactants are shown in Figure 4.1. The zeta potential was used to study the
surface charge modification of GO and zeolite. Batch adsorption experiments for variably charged
organic model compounds were conducted to investigate pH and concentration under various
conditions. The objective of this study is to determine an appropriate surfactant which can enhance
the bonding between GO and the zeolite to improve the adsorption performance for POPs and
stability of the adsorbents.

Figure 4.1 The molecule structures of CTAB, Triton X-100 and SDS.

4.2 Experimental
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4.2.1 Materials
Australian natural zeolite, (clinoptilolite, diameter: 0.7-1 mm, chemical composition: 68.26% SiO2,
12.99% Al2O3, 4.11% K2O, 2.09% CaO, 1.37% Fe2O3, 0.83% MgO, 0.64% Na2O, 0.23% TiO2,
Zeolite

Australia

Ltd.),

graphene

oxide

(ACS

Materials),

Triton

XTM-100,

Hexadecyltrimethylammonium bromide (CTAB, 95%, Sigma -Aldrich), Sodium dodecyl sulfate
(SDS, ACS reagent, ≥99.0%, Sigma-Aldrich). Dyes, which are disperse blue 26 (Crescent
Chemical), methylene blue (Electron Microscopy Sciences), and sodium fluorescein (Pfaltz
&Bauer), were chosen as the representations for nonionic, cationic, and anionic organic model
compounds.
4.2.2 Materials preparation
CTAB/zeolite and CTAB/DCGZ
10 ml of 0.25 mg∙ml-1 CTAB was mixed with 15g of natural zeolite and shaken on shaker at 150
rpm for 60 min. Afterwards, the CTAB/zeolite was dried at 100 oC for 6 hours. 25 ml of 2.5 mg∙ml1

GO was mixed with CTAB/zeolite and shaken on the shaker for 120 mins at 150 rpm. The product

was dried at 100 oC for 24 h, then rinsed by ethanol once followed by DI water rinse for three
times to remove the extra GO on the surface of zeolite before use.
SDS/DCGZ
1.5 ml of 5 wt% SDS in aqueous solution was added in 25 ml of 2.5 mg mL-1 GO aqueous solution
and sonicated for 120 mins. Then the SDS/GO solution was mixed with 25g of clean zeolite and
shaken on the shaker for 120 mins at 150 rpm. The product was dried at 100oC for 24h, then rinsed
by ethanol and water for three times to remove the extra GO on the surface of zeolites before use.
Triton X-100/DCGZ
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(a)

(b)

(c)

Figure 4.2 The schematic diagrams of CTAB(a), Triton X-100(b) interaction with the zeolite, and SDS
interaction with GO(c).

55

One drop of Triton X-100 was added into 25 ml of 2.5 mg mL-1 GO aqueous solution and sonicated
for 120 mins. Then the Triton X-100 solution was mixed with 25 g clean zeolite and shaken on the
shaker for120 mins at 150 rpm. The product was dried at 100 oC for 24 hours, then rinsed by
ethanol and water for three times to remove the extra GO from the surface of zeolite before use.
The schematic diagrams of the interaction of CTAB, Triton X-100, and SDS with GO and the
zeolite are shown in Figure 4.2 (a), (b), and (c), respectively.
4.2.3 Batch experiment
Adsorption capacity studies were conducted by batch experiments and column tests using the
organic model compounds in aqueous solution. Batch experiments were carried out to determine
the adsorption performance of organic model compounds onto the adsorbents in a 250 mL glass
flask. The sample was immersed in 100 mL of a specific concentration of organic model
compounds and was shaken at 150 rpm for 48 hours to reach adsorption equilibrium. The study
was conducted at room temperature to represent conditions that are typical in the industrial setting.
The pH of the solution was adjusted with a 0.1 M solution of NaOH and a 0.1 M solution of HCl.
The effect of various factors on the rate of adsorption process was assessed by varying contact
time, concentration of organic model compounds, and pH of the solution. All experiments were
carried out in triplicate, and the average values were taken for analyses.

4.3 Results and discussion
4.3.1 Synthesis and characteristics of CTAB/DCGZ, Triton X-100/DCGZ, and SDS/DCGZ
The synthetic illustration process of functionalization for CTAB/DCGZ, Triton X-100/DCGZ, and
SDS/DCGZ are illustrated in Figure 4.2. Surface modification of the natural zeolite by cationic
surfactant CTAB has been used via dry coating method. CTAB modified the anionic zeolites
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surface by evaporation. CTAB/DCGZ, Triton X-100/DCGZ and SDS/DCGZ was easily obtained
using the dry coating method. Figure 4.1 shows the values of zeta potential for DCGZ with variable
charge surfactants at pH values ranging from 2 to 11. The values of zeta potential for SDS/DCGZ
appears to be the most negatively charged and the values of zeta potential of Triton X-100/DCGZ
shows slightly higher than the values of SDS/DCGZ. The values of zeta potential of CTAB/DCGZ
are substantially higher than the other samples which is not surprising considering the cationic
surface of the modified zeolite. CTAB is expected to modify zeolites surface to positive charge
and enhance the electrostatic interaction between the zeolite and GO sheets. The values of zeta
potential for SDS/DCGZ were the lowest observed due to the anionic nature of SDS. It is expected
to induce a negative charge on the GO sheets, which leads to electrostatic repulsion between the
surfactant molecules and the GO sheets. The primarily separated layers of GO may appear due to
the repulsion between the negatively charged GO sheets, and the intercalation of SDS within the
basal planes of GO which may weaken the π–π stacking interaction.

[154]

The values of zeta

potential of Triton X-100/DCGZ are similar with the DCGZ shown in Chapter 3. Nonionic Triton
X-100 added in the GO solution results in a stable GO suspension due to the enhancement of
hydrophilicity between GO layers, this also enhances the interaction between the zeolite and GO.
SEM images of CTAB/DCGZ, SDS/DCGZ and Triton X-100/DCGZ at a low magnification
resolution are presented in Figure 4.4 (a), (d), and (g) respectively. The continues GO coating area
was observed on the surface of zeolites for all these samples. Moreover, EDX mapping in Figure
4.4 (b, c, e, f, h, i) of carbon layers also show the lateral size of the GO sheets on the order of 10
µm to 200 µm. The selected area of SEM mapping area indicates that the GO sheets uniformly
deposited on the zeolites surface with these surfactants, these fragments are overlapping and
forming only a few layers of GO sheets on the zeolites surface. One possible explanation might
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be that and adsorption capacity of variable charge organic compounds were investigated on the
samples with a variation of concentration.

Figure 4.3 Zeta potential of SDS and SDS modified samples (a), CTAB and CTAB modified samples,
and Triton X-100 and Triton X-100 modified samples in the range of pH from 2 to 12.

Table 4.1 shows the EDX analysis of DCGZ samples. The C/O ratio of DCGZ is 0.19 and after
modified by SDS and Triton X-100, it increases to 0.20 and 0.21 respectively. Compared with
these two samples, the C/O ratio of CTAB/DCGZ increases to 0.55 which may be due to the higher
loading of GO coating on the surface of the zeolite. By adding the surfactants, the surface charge
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Table 4.1 EDX analysis of surfactants added samples

Figure 4.4 SEM images of CTAB/DCGZ(a), SDS/DCGZ(d) and TritonX-100/DCGZ(g) at 200K
resolution. The EDX mapping of carbon for CTAB/DCGZ(b,c), SDS/DCGZ(e,f) and TritonX100/DCGZ(h,i)
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of the GO sheets has been modified, and the exposed surface can serve as advanced adsorbents to
attract the target organic model compounds. Based upon this hypothesis, the removal efficiency
and adsorption capacity of variable charge organic compounds were investigated on the samples
with a variation of concentration.
4.3.2 Desorption experiment
To investigate the stability of the GO sheet deposition onto the zeolite surface in aqueous solution,
the desorption experiment was conducted by shaking 10g of adsorbents in 20 ml DI water for 24
hours at 150 rpm. Samples were rinsed with DI water three times and then the samples were dried
at 100 oC for 24 hours before measuring their weights. All the adsorbents were shaken for 24 hours
and the desorption results are displayed in Figure 4.5 (b). It is observed that severe desorption of
GO sheets from the zeolite is obtained by SDS/DCGZ. The quantitative analyses of the GO
detached from the zeolite surface was calculated and reported in Figure 4.5 (a). The calculation
shows that all the desorbed samples exhibit lower removal efficiencies as compared to the nonshaken samples, especially the SDS/DCGZ which had lost about 48 wt% of GO on the zeolites
surface. It is due to the decreased loading of GO on the zeolites surface. Results from the zeta
potential analysis show that a reasonable conclusion is that the surface charge repulsion between
zeolite and GO plays a vital role in desorption. The CTAB/DCGZ and the Triton X-100/DCGZ
maintain 90 wt% and 86 wt% loading of GO on the zeolite surface respectively. These results are
due to the electrostatic attraction and hydrophilicity between GO and zeolite. The stability of the
GO on the zeolites surface is: CTAB/DCGZ >TritonX-100/DCGZ>DCGZ>SDS/DCGZ.
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Figure 4.5 The removal efficiency of before and after desorption experiment for dispersed blue 26 by
variable surfactants (a), and the images of 10 g DMGZ (1), CTAB/DMGZ (2), Triton X-100/DMGZ (3)
and SDS/DMGZ (4) in 20 ml water solution after desorption experiments (b).
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4.3.3 Organic model compounds adsorption experiment
To determine the adsorption capability of CTAB/DCGZ, TritonX-100/DCGZ, and SDS/DCGZ,
the removal efficiencies for organic model compounds were examined by individual column tests.
Study on their adsorption capacity was observed by batch experiment. Based on the analysis of the
zeta potential and desorption experiments, the assumption is that CTAB/DCGZ and SDS/DCGZ
may have a good adsorption performance on anionic and cationic organic model compounds,
respectively. The TritonX-100/DCGZ may have a unique ability to have a broad adsorption ability
than CTAB/DCGZ and SDS/DCGZ.
The removal efficiencies of nonionic disperse blue 26 and anionic sodium fluorescein are shown
in Figure 4.6 (a), they follow the trend: CTAB/DCGZ >Triton X- 100/DCGZ>
DCGZ>SDS/DCGZ. In Figure 4.6 (b), the equilibrium concentration of disperse blue 26 was
obtained after 24 hours, and the adsorption capacities were approximately 354 mg∙g-1, 246 mg∙g-1
and 186 mg∙g-1 for CTAB/DCGZ, TritonX-100/DCGZ, and SDS/DCGZ respectively. Rapid
adsorption for sodium fluorescein was observed in Figure 4.6 (d), and the adsorption capacities
were reached within 6 hours and were approximately 444 mg g-1, 164 mg g-1 and 70 mg g-1 for
CTAB/DCGZ, TritonX-100/DCGZ and SDS/DCGZ respectively. The anionic sodium fluorescein
can be adsorbed to the surface of the GO sheets due to the electrostatic attraction between the
negatively charged organic model compound, and the positively charged CTAB modified GO
surface. Similarly, the adsorption capacity for methylene blue was measured after 24 hours and
followed the trend: SDS/DCGZ >Triton X-100/DCGZ> CTAB/DCGZ which are 354 mg g-1, 290
mg g-1 and 186 mg g-1 in Figure 4.6 (c). Interestingly, the Triton X-100/DCGZ presented 96% of
removal efficiency for sodium fluorescein which was higher than 87% of DCGZ. Besides that, its
adsorption capacity for methylene blue is much higher than the adsorption capacity of
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CTAB/DCGZ. It implies that the enhancement of GO hydrophilicity leads to increase the
adsorption sites on GO surface while keeps a broaden adsorption range of organic model
compounds.

Figure 4.6 Column test for the removal efficiency of organic model compounds for CTAB/DCGZ, Triton
X-100/DCGZ, and SDS/DCGZ (a), batch experiment for adsorption capacity of disperse blue 26(b),
methylene blue(c), and sodium fluorescein(d) for each adsorbent. The pH of organic model compounds
solution=7, flow rate (column test) = 5ml min-1, the amounts of samples for column test and batch
experiment are 9 g and 1 g respectively, and the concentration of organic model compounds for column
test and batch experiment 40 mg L-1 (1ml) and 10 mg L-1, respectively.
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Finally, to investigate the effect of adsorbent dosage for variably charged model compounds,
different concentrations of organic model compounds ranged from 1 mg L-1 to 40 mg L-1 were
taken and examined after 24 hours at pH=6 at room temperature. To the best of my knowledge,
many research studies have been focusing on the GO adsorption kinetic models and isothermal
study. They have proved that it follows the pseudo-second order kinetics model.

[155,156,157,158]

this thesis, we focus on the adsorption performance in practical application.

Figure 4.7 Effect of organic model compounds concentration on amount of CTAB/DCGZ, Triton X100/DCGZ, and SDS/DCGZ by batch experiment.
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In

To determine an appropriate surfactant for GO coated on zeolite, both column tests and batch
experiments were carried out. The results demonstrated that neither anionic SDS or cationic CTAB
were appropriate candidates due to the limitation of adsorption for variably charged organic model
compounds and POPs. Triton X-100, a nonionic surfactant, induced significant adsorption
increases for three variably charged organic model compounds. Only 14 wt% of GO detached from
the zeolite surface under extreme conditions. It should be considered as an excellent surfactant to
enhance the interaction of GO-zeolite and GO-POPs.

4.4 Conclusion

In this chapter, cationic CATB, nonionic Triton-X 100, and anionic SDS were selected as agents
to enhance the attachment of GO onto the zeolite. The effect on the removal of organic model
compounds was examined. The conclusions from the results of the desorption experiments and
adsorption studies for variably charged organic model compounds are:
The characterization by zeta potential has shown an observable physical interaction between GO
and zeolites with the adding variable charge surfactants.
（1）

SDS/DCGZ and CTAB/DCGZ display strong adsorption capabilities for cationic and
anionic model compounds for complimentary charges. Meanwhile, they show weak
adsorption abilities to same charged organic model compounds.

（2）

The 48 wt% GO (mass) desorbed from the zeolites surface by SDS, and the stability
of the GO sheets on the zeolite surface follows the trend: CTAB/DCGZ >TritonX100/DCGZ>DCGZ>SDS/DCGZ. The desorption experiment suggests that CTAB/
DCGZ and Triton X-100/DCGZ are good candidates for water treatment process.
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（3）

The batch experiment study agrees with the prediction obtained by surface charge
analyses.

Based on the column tests, desorption experiments, and batch experiments Triton X-100/DCGZ
shows good physical stability and adsorption capabilities for variable-charge organic model
compounds. Non-ionic Triton X-100 is a promising surfactant to enhance the interaction between
GO and the natural zeolite.
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Chapter 5 APTES modification of natural zeolite and in-situ
reduction of graphene oxide
5.1 Introduction

Single-layered GO suspensions demonstrate high adsorption capacity due to its homogeneity and
large surface area. [159] However, its use as either suspended GO solution or dispersed nano-sized
graphene-based materials is not practical for large-scale operation due to the issues with their
removal and the resultant residues. The hydrophilicity of GO provided by a variety of oxygen
functional groups on the surface, carboxyl, hydroxyl and epoxy group, leads to high solubility.[160]
GO has been found moderately toxicity toward human cell lines and zebrafish.[161] Previously,
scientists have been focusing on synthesis method or configuration of the graphene-based
materials such as microspheres, hydrogels, membranes, magnetic nanoparticle composites to avoid
their removal and the resultant residues in water purification.

[162,163,164]

However, the use of the

graphene-based membrane or graphene composite hydrogels were limited by multiple layered
structures.
This work aimed to demonstrate that a thin-layered graphene-based product with high capacity
could be engineered for POPs removal and that it could also be easily regenerated and reused.
Australian natural zeolite, clinoptilolite zeolites ((Na3K3) (Al6Si30O72) ·24H2O), which are readily
available, economically acceptable and have excellent chemical stability were selected as support
materials. Many studies have reported their exceptional ion-exchange and adsorption properties in
water treatment. Here, we reported a thin-layered rGO synthesized by in-situ reduction on an
engineered natural zeolite used as the support material. Environmentally friendly vitamin C was
selected as a reducing agent for the controlled reduction of the adsorbed GO to oxidize graphene
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partially. APTES (3-aminopropyltriethoxysilane) was used to modify the charge of the zeolites
surface to increase GO loading and improve the stability of GO coated zeolites composite. Nonionic disperse blue 26, anionic sodium fluorescein, and cationic methylene blue were selected as
organic model compounds. The adsorption capacity of GO was evaluated by a column test by
elution. Evaluation of the removal efficiency and adsorption characteristics of BPA, PFOA, and
PCB were also examined. The investigation of a single multi-purposed adsorbent for POPs with
different charges was studied for the first time. In addition to the well-controlled stable studies, we
also determined the desorption of graphene-based material on the modified zeolite and thermal
regeneration ability in simulated engineering systems.
5.2

Experimental

5.2.1 Materials
Australian natural zeolite, (clinoptilolite, diameter: 0.7-1 mm, chemical composition: 68.26% SiO2,
12.99% Al2O3, 4.11% K2O, 2.09% CaO, 1.37% Fe2O3, 0.83% MgO, 0.64% Na2O, 0.23% TiO2,
Zeolite Australia Ltd.), graphene oxide (ACS Materials), dyes, which are disperse blue 26
(Crescent chemical), methylene blue (Electron Microscopy Sciences), and sodium fluorescein
(Pfaltz &Bauer), were chosen as the representations for neutral, cationic, and anionic particles. LAscorbic acid (Vitamin C, Sigma-Aldrich, 99%), Bisphenol A (BPA, ≥99%, Sigma-Aldrich),
Perfluorooctanoic acid (PFOA, 96%, Sigma-Aldrich), Aroclor 1242 (PCB, analytical standard,
Ultra scientific).
5.2.2 In-situ reduced GO coated zeolite
i) Method 1----Microwave reduced GO
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10 g of active material (2.5 mg ml-1 DCGZ) was added in the 20 ml container. It was then
microwaved at 500 W, 6.425 GHz±1.150GHz, for each cycle; the sample was heated for a specific
time. After each heating, the microwave was stopped to let the sample cool down to room
temperature. The heating-and-cooling cycle was repeated for a certain number of cycles until the
rate of temperature rise fell back to the room temperature.
ii) Method 2 ---- Sol-gel method reduced GO
To reduce the GO sheets on the surface of zeolite, two different mixing approaches have been
investigated. The first method encompasses mixing 5 g adsorbent with 250 mg Vitamin C directly,
then add 10 ml water, react at 95 oC in the water bath for a specific time. The second method
consists of adding 5 g graphene-based materials coated on modified natural zeolite substrate
(GBMZS) into Vitamin C solutions at a concentration of 50 mg ml-1, then react at 95 oC in the water
bath for a specific time.
5.2.1 Fabrication of GO coated APTES modified zeolites and recoated GO zeolites
20 g of clean zeolite (the treatment was shown in the chapter 3) was added to 15 ml anhydrous
ethanol along with 5 ml APTES which was shaken for 6h. Next 70% ethanol was used to rinse the
modified zeolite, which was placed in the oven at 100 oC for 24 hours. Afterwards the sample was
mixed with 15 ml of 2.5 mg mL-1 GO solution to with one drop of Triton X-100 added. Samples
were then shaken the on the orbital shaker for 120 mins at 150 rpm. The product was dried at 100
o

C for 24 hours, then rinsed by ethanol for 3 times and by water 3 times for removal the extra GO

on the surface of the zeolite. Lastly, the GO coated zeolite samples were placed in an oven at 100
o

C for 24 h before using. Table 1 shows the summary of the series of adsorbents in this chapter

and Figure 5.1 shows the schematic illustration of APTES modified rGO coated on the zeolites.
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Table 5.1 Summary of the series of adsorbents

a

Samples

Materials

Fabrication

CZ

Clean zeolite

Clean zeolite Process 1a

Theoretical loading of
GO/rGO (mg g-1)
0

AMZ

APTES modified acid
treated zeolites

APTES modified process

0

DCGZ

Dry method GO coated
zeolites

Drying method coated process

1.8a

GAMZ

GO coated APTES
modified zeolites

Drying method GO coated
APTES modified acid zeolites

2.5a

FRGAMZ

4 times recoated GO
coated APTES modified
zeolites

Four times GO recoated APTES
modified zeolites

10a

FRrGAMZ

4 times recoated reduced
GO coated APTES
modified zeolites

In-situ Vitamin C reduced GO
four times coated APTES
modified zeolites

10a

The theoretical loading of GO/rGO, calculated from the desorption experiment assuming a 100%

adsorption capacity of GO/rGO on the functionalized zeolites surface.

The recoated GO onto the natural zeolite was added to 15 ml of 2.5 mg ml-1 GO solution in the
beaker containing the 15 g of GO coated APTES modified zeolite. Then it was shaken on the
shaker for 120 mins at 150 rpm. The product was dried at 100oC for 24 hours.
5.2.2 Thermal regeneration
Thermal regeneration of the adsorbents was carried out in an electric furnace. According to the
literature, rGO has excellent thermal stability at 550 oC, and the melting points of PCB, BPA, and
PFOA are lower than 500 oC. The samples were placed in the electric furnace at 500 oC under N2
atmosphere for 1 hour with at 10 oC min-1. The removal efficiency of disperse blue 26 (melting
point at 217 oC) was used to test the regeneration ability of FRrGAMZ.
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Figure 5.1 The schematic illustration of APTES modified rGO coated on the zeolites surface.

5.3 Results and Discussion
5.3.1 Study of increasing GO loading with surface modification of zeolite
Many research studies focus on the kinetics and isothermal adsorption mechanism of graphenebased products by batch experiment. [165,166, 167,168] While graphene has a large surface area, it has
been used ineffectively in water purification. It is desired to fabricate single or few layers
graphene-based products which are stable, capable, and easily separated from water. To obtain
multilayered sheets or thin-layered graphene-based materials, GO was coated onto the zeolite
selected as the support material for deposition and confirmed in previous chapters. The zeta
potential measurement was examined to understand the interaction between the zeolite and
graphene-based materials. According to the zeta potential shown in Figure 5.2 (a) and (b), both
charges of zeolite and GO are negative. Those negative charges originated from the ionization of
the C=O, O-C=OH and -OH are from the functional groups of GO and zeolites surface. It is highly
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likely that hydrophilicity caused by hydrogen bonding between -OH or -COOH groups on the GO
surface and associated -OH groups on zeolite, provided the driving force to form the coating layer
on the zeolite surface rather than electrostatic attraction.[169] APTES was used to generate ionic
bonding between the zeolite and GO by the interaction of amine groups with oxygen-containing
groups to gain a higher loading of GO.[167] In Figure 5.2 (a), it can be seen that surface charge of
AMZ switched from negative to positive (17.5 mV at pH=2 and 12.4 mV at pH=11). The results
imply that the driving force for the coating layer buildup is primarily due to the electrostatic
attraction between the AMZ surface and GO. Therefore, to obtain a higher loading, the drying
method coating procedure was performed in a stepwise manner. In this study, we prepared onetime GO coating samples DCGZ and GAMZ, and four-time GO coating samples FRGAMZ and
FRrGAMZ to study the influence of loading of GO on the surface of zeolites. (See Table 5.1) The
theoretical loading of graphene-based materials was calculated under the assumption that the total
amount of GO present was adsorbed to zeolite surface. The theoretical loading of GO increased
from 2.5 mg g-1 for GAMZ to 10 mg g-1 for FRGAMZ, and the zeta potential switched from
positive to negative. It demonstrates qualitatively that the GO coating layers are formed by the
stepwise adsorption of zeolite and GO.
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Figure 5.2 Zeta potential of multifunctional adsorbents (a), GO and rGO (b).

XPS was employed to probe the chemical feature of the graphene-based materials and the modified
zeolite. To provide the detailed surface composition, XPS C1s core level spectrum were resolved
into four peaks representing different chemical environments using a sum of Lorentzian Gaussian
functions. The resolving results for commercial GO, natural zeolite, and DCGZ, are presented in
Figure 5.3 (a). Briefly, the C1s XPS spectrum of commercial GO indicates a considerable degree
of oxidation with four components that correspond to carbon atoms in different functional groups:
73

sp2 C, C=O, and O-C=O, the binding energy of the peaks at 284.5, 287.4, and 288.5 eV respectively,
which are fitted and assigned according to literature values. [170] Also, the peaks, sp2, C–O at 285.25
eV and O-C-O bonds are found in natural zeolite which comes from hydrocarbon impurities
typically obtained during sample preparation. XPS C1s core level scan spectra of DCGZ were
resolved into four peaks, sp2 C at 284.6 eV, C=O at 287.64 eV, O-C=O 288.25 eV, and C–O at
287.0 eV. The first three peaks are assigned to GO, while the last three are contributed by natural
zeolite, which indicates that the GO was successfully coating on the zeolite surface. The AMZ
displays a weak and broad N 1s XPS peak between 395 eV and 406 eV. As shown in Figure 5.3
(b), the presence of the three peaks at 398.76, 401.1, and 402.2 eV in the N 1s spectrum provides
direct evidence of the successful grafting of APTES onto the surface of the zeolite. The peak at
399.8 eV is attributed to the free terminal amine groups on the APTES, whereas the peaks at 401.1
and 402.2 eV probably resulted from protonated amine NH3+ or hydrogen bonded NH2. [171]
Direct observation of the GO adsorption on the zeolites surface was provided by SEM: the
morphology of the surface of natural zeolite (a, b), AMZ (c), DCGZ (d), GAMZ(e), FRGAMZ(f)
are displayed in Figure 5.4. The natural zeolite and AMZ featured porous, sharp-edged and rough
surface with mean diameter in the 10-20 µm range. SEM images obtained from GO coated zeolite
are essentially identical to those of the uncoated zeolite. The presence of GO coating layer on the
zeolite surface results in the zeolite surface smoothness. Single or few layers coating was shown
in Figure 5.4 (d) for DCGZ, which is the evidence that GO sheets were coupled to the zeolites.
After modification by APTES, GAMZ, the surface was partially coated by GO which means that
the surface of the zeolite was not saturated by GO adsorption. Zeolites can interact with GO sheets
through physisorption and electrostatic binding. This finding is corroborated by EDX element
mapping measurements shown in Table 5.2. SEM images of low and high loading GO on the
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Figure 5.3 High-resolution XPS scans for C1s peaks of GO, natural zeolite, DCGZ and FRrGAMZ(a),
and N1 peaks of AMZ (b).
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zeolite (DCGZ & FRGAMZ) cross section was observed in Figure 5.4 (f, g), respectively. This
observation indicates that thin-layered GO of DCGZ was coated on the zeolites surface around 1
to 1.5 µm. While after the four-time coating, the thickness of GO layers increased to 2 to 3 µm.
The binding of the zeolite to GO maintains the interaction between them. EDX was conducted to
quantify and elucidate the chemical compositions of GO with zeolite. The C, O, Si and Al were
selected as the general elements. It is shown that with increased coating times, the ratio of C/O
atomic ratio has increased from 0.06 for natural zeolite to 0.49 for FRGAMZ, while the pure C/O
of pure GO is 3.1. [172]
For all samples, BET and DFT specific pore volume and surface areas, VBET, VDFT, SBET and SDFT
gave in Table 5.3. The VBET and SBET values were calculated for assuming mesoporous geometry.
The VDFT and SDFT values were calculated using the regularized density functional theory model
assuming microporous geometry. Comparing the values of the few layered DCGZ with GAMZ
calculated by BET and DFT, both pores volume and surface area were reduced. It is possible to
conclude that the strong bonding of the GO coating layer reduced the specific surface area
contributed from GO sheet. After four times recoating, the pore volume (BET) increases to
8.5×10-2 cm3 g-1 while the pore volume (DFT) is lower than DCGZ. However, these specific
surface areas are approximately equal. It indicated that multiple coating layers were formed on the
zeolites surface while the specific active surface area was the same or even reduced. It is highly
possible to lead to a decrease of adsorption capacity of GO.
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Figure 5.4 SEM images of adsorbents. The surface of natural zeolite (a, b), DCGZ (c), GAMZ(d),
FRGAMZ(e) and FRrGAMZ(f). The surface and the cross-sections of DCGZ and FRrGAMZ (g) and (h).
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Table 5.2 EDX analysis of chemical compositions

An appropriate assumption for this phenomenon can be explained by the bonding intensity
between that GO and zeolites. Before the zeolite surface modification, the thin GO coating layers
have a weak interaction with zeolites surface, which led to a more substantial microporous volume
and surface area. The gap between GO layers and zeolites can be seen in the SEM image of the
cross-section of DCGZ in Figure 5.4 (g). After modification, the thin GO layers have a robust
electrostatic attraction with the modified zeolite surface. Thus, the specific volume and active
surface area of GO was reduced. Even though increasing the GO layers by repeating the coating
steps, it could not contribute to improving the specific volume and surface area which is possible
lead to a decrease of adsorption capacity of GO. The assumption of the surface structure of DCGZ
and GAMZ.is shown in Figure 5.5.
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Table 5.3 BET and DFT specific volume and surface of all samples
Pore structure
Samples

VBET (cm3 g-1)

VDFT (cm3 g-1)

SBET (m2g-1)

SDFT (m2 g-1)

CZ

7.09×10-3

3.8×10-2

15.08

14.7

DCGZ

3.1×10-2

0.1

101.6

159.4

GAMZ

2.7×10-2

2.4×10-2

51.0

109.6

FRGAMZ

8.5×10-2

7.6×10-2

101.6

159.3

FRrGAMZ

6.8×10-2

6.1×10-2

60.8

94.8

Figure 5.5 Schematic illusion of surface structure of DCGZ and GAMZ.
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5.3.2 In-situ GO reduction on zeolite
In-situ reduction of GO on the support material is desirable for water purification process due to
the insolubility of rGO with water and its incompatibility with zeolites surface. Chemical reduction
is effective at moderate temperatures but involves considerable care, multiple steps, and some of
the reagents are toxic.

[172]

Vitamin C was introduced as a reducing reagent to in-situ reduce the

GO on zeolites. The desorption of rGO from zeolite is not desirable for economic and
environmental reasons. [173] As previously mentioned, the interaction between zeolites surface and
GO are mainly attributed to their hydrophilicity. The functional groups of GO, such as -COOH, OH, offer negative charges so that GO can be adsorbed on the zeolites surface tightly. The oxygen
functional groups in GO sheets can be removed and the conjugated graphene network reestablished
by vitamin C reduction. [174]
In Figure 5.6, Raman spectra of DCGZ and FRrGAMZ displayed two prominent peaks at
1340 cm-1 and 1585 cm-1 corresponding to the well-documented G and D bands, respectively. [175]
The ID/IG intensity ratio of DCGZ was calculated to be 0.87. After four-times coating, FRGAMZ
was reduced at 90 oC for 1 hour with 50 mg g-1 vitamin C solution, and the ID/IG intensity ratio
was dramatically increased to 1.37, suggesting that the reaction of vitamin C formed a greater
extent of reduction and a more substantial number of defects over the graphene sheets. Also, to
control the degree of in-situ reduction of GO on zeolite, the influence of the concentration of
vitamin C and reaction time were studied and are shown in Figure 5.7. The results show that the
extent of GO in-situ reduction was well-controlled by the above factors, and the optimized
reduction conditions were used for further research. Meanwhile, surface and cross-section
morphology of FRrGAMZ are shown in Figure 5.4 (g, h) providing evidence that few layers of
rGO were coating on the modified zeolites surface.
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Figure 5.6 Raman spectra of DCGZ and FRrGAMZ.

Interestingly, adding vitamin C method can also affect the reduction gradient of GO, which is
shown in Figure 5.7 (c). Mixing the vitamin C powder with GAMZ directly leads to a higher extent
of reduction, while the ratio of ID/IG can only reach to 1.19 by adding the vitamin C solution.
Possible explanation is that the local concentration of vitamin C obtained by method 1 is higher
than the one by method 2. The higher the concentration of vitamin C, the more reduction extent of
GO can be achieved. Herein, we used the method 1 for further research.
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Figure 5.7 Raman spectra of in-situ reduction of GO by being reduced for 1 to 10 min (a), different
amount and adding methods via vitamin C. (a, b) The adding method 1: was mixing 50 mg g-1 vitamin C
powders with adsorbents directly, then adding 1ml g-1 (adsorbent) water at 90oC in water bath for 60 min.
The adding method 2: was mixing 50 mg ml-1 vitamin C solution with adsorbents, then react at 95oC in
water bath for 60min. (c)
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In addition to constituting a well-controlled in-situ reduction of GO on zeolites surface,
information provided by XPS analysis of C1s spectra of FRrGAMZ shows that the peak change is
contributed from C=O and O-C=O groups. After treated by vitamin C, the C=O bonding shifts
from 287.4 eV to 287.86 eV, and the intensity of C=O and O-C=O peaks is reduced dramatically
which indicates the loss of oxygen and conversion to new chemical species. Theoretically, the
oxygen-containing functional groups on the GO nanosheets are the only resource of C=O on the
zeolite, so the peak area percentages of C=O to the total peak area of all chemical bonds can be
used to indicate the reduction degree of GO. The remaining C=O group and C-O peak contributed
from rGO and zeolite respectively suggested that the reduction of GO was partially reduced. The
zeta potential in Figure 5.2 (b) also shows that the value of zeta potential of rGO is higher than
GO due to the lack of functional groups on the surface. Therefore, the value of zeta potential of
rGO with modified zeolite is higher than that of GO with the modified zeolites. For example, the
value of zeta potential of FRrGAMZ (-8.2 eV) is lower than the one of FRGAMZ (-16.8 eV) at
pH=2, which indicates that the in-situ reduction procedure occurred on zeolite readily by adding
vitamin C. The EDX analysis in Table 5.2 shows that the ratio of C/O increased from 0.49 for
FRGAMZ to 1.12 for FRrGAMZ, confirming the decomposition of the functional groups of GO
on the zeolite surface. BET analysis in Table 3 also shows a reduction of microporous volume and
specific surface area. This method provides a quantitative evaluation of in-situ reduction of GO on
zeolite by vitamin C.
5.3.3 Organic model compounds adsorption experiment
To examine the removal efficiency and adsorption capability of the adsorbents, non-ionic disperse
blue 26, cationic methylene blue and anionic sodium fluorescein were selected in this study. Figure
5.8 (a, b) shows the results of the removal efficiency and adsorption capacity of the variably
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charged organic model compounds which is compared with the commercial GAC. Adsorption
experiments shows that thin-layered graphene-based materials have higher removal efficiency
capability than GAC. In order to prove that the CZ does not contribute significantly to adsorption
capacity for organic model compounds, the adsorption experiment of CZ was conducted. It shows
that the adsorption capacity of the column test is only 0.26 mg g-1, 0.51 mg g-1 and 2.12 mg g-1 for
disperse blue 26, sodium fluorescein and methylene blue, respectively. (See Chapter 3).
Compared with the adsorption capacity of graphene-based materials shown in Figure 3.5 (b), the
contribution from clean zeolite is insignificant. In Figure 5.8 (a), it shows that the removal
efficiency of disperse blue 26 increased from 69.5% for DCGZ to 94.5% for GAMZ. The zeta
potential in Figure 5.2 (a, c) provides that charge of disperse blue 26 is higher than GAMZ but less
than methylene blue in the pH range between 2 to 11. Thus, the mechanism of adsorption of
disperse blue 26 for GAMZ should be resulted from the large surface area with active sites of GO
and π-π stacking interaction between organic model compounds and GO. With the increasing of
GO loading, the removal efficiency of disperse blue 26 reaches up to 99.4% for FRGAMZ.
Especially, FRrGAMZ shows a remarkable removal efficiency of 99.9% for disperse blue 26,
which should be benefited from both high loading and partially in-situ reduction of GO.
Similarly, the removal efficiency of anionic dye increased from 96% for DCGZ to 99.9% for
FRrGAMZ. For cationic methylene blue, all the adsorbents showed an excellent removal
efficiency which was over 99% because of π-π electron donor-acceptor interactions and
electrostatic attraction between positively charged dye ions and negatively charged adsorbents.
Another explanation for the excellent removal is that the unique porous structure of natural zeolites
gives an excellent cationic exchange and sorption properties confirmed by numerous studies so far.
[137]

For anionic sodium fluorescein, the removal efficiency of DCGZ is less than commercial GAC
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probably due to the strong electrostatic repulsion from GO. With the increasing amount of GO,
the π-π stacking interaction and large surface area play a vital role in the adsorption. Moreover,
the partial reduction of GO by vitamin C improved the adsorption capacity of sodium fluorescein.
In Figure 5.8 (a), the order of removal efficiency of variably charged organic model compounds
was FRrGAMZ> FRGAMZ > GAMZ >DCGZ.
The adsorption capacities of graphene-based materials attached on natural zeolite were obtained
and are shown in Figure 5.8 (b). They display remarkable adsorption capabilities of variably
charged organic model compounds much higher than GAC. To the best of my knowledge, the
single adsorbent applied for adsorption of multiple charged organic model compounds was
reported for the first time.
The breakthrough curves for organic model compounds are presented in Figure 5.8 (c, d, e). For
disperse blue 26, faster attainment of exhaustion was observed for natural zeolite at 80 mins and
DCGZ at 120 mins. As the loading of GO increased, smoother breakthrough curves were obtained.
The maximum adsorption capacity obtained is 192 mg g-1 for GAMZ. This experiment was
performed up to 140 mins, which was much higher than that of most of the reported adsorbents,
such as multi-walled carbon nanotubes (77.5 mg g-1 neutral red), AC (48.7 mg g-1 for congo red)
and metal oxide (105 mg g-1 neutral red).

[175,176,177]

It is worth pointing out that the adsorption

capacity of GAMZ is higher than DCGZ, possibly because it is related to the increased electrostatic
interactions with the surface of GO which is due to a more homogenous coating and relatively
more active sites per mass. Compared with GAMZ, the adsorption capacity of disperse blue 26 for
higher loading FRGAMZ was decreased from 192 mg g-1 for GAMZ up to 117 mg g-1 up to 140
min, because its active sites per mass were reduced as a result of the multiple layers caused by
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Figure 5.8 The removal efficiency and adsorption capacity of organic model compounds by different
engineered zeolites (a, b), the exhaustion experiment for disperse blue 26(c), methylene blue(d), and
sodium fluorescein(e). The pH of organic model compounds solution=7, flow rate= 5ml min-1, the
amount of GBMZS=9g, and the concentration of organic model compounds is 40mg L-1 (1ml).
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multiple coating steps. However, decreased adsorption capacity caused by increasing layers of
GO reduces the active sites per mass.
Additionally, FRrGAMZ which was reduced from FRGAMZ has a higher adsorption capacity due
to the partially reduced GO. Similarly, the adsorption experiment of cationic organic model
compounds, methylene blue, exhibited a remarkable adsorption capacity shown in Figure 5.8 (d).
It was noted that the DCGZ has a higher adsorption capacity of 2872 mg g-1 than the others. This
result indicates that the remarkable performance toward cationic adsorbates is probably correlated
to the electrostatic interaction between the large surface area of single or few layers of GO with
negatively charged natural zeolite and the positively charged dye. The positively charged GAMZ
shown in Figure 5.8 (a) maintains an incredible adsorption capacity for methylene blue which
achieves approximately 900 mg g-1. Its remarkable adsorption is due to the large surface area and
single or few layers of GO loading. As coating layers increase on the surface, the adsorption
capacity of methylene blue decreases from 900 mg g-1 to 342 mg g-1 for FRGAMZ due to the
decrease of specific coating layers of GO on the zeolites surface.
In Figure 5.8 (e), the breakthrough curves of anionic sodium fluorescein show that the DCGZ
reaches the saturation point at 145 mins, while the GAMZ reaches approximately 240 min. With
the increasing loading and reduction of GO, the maximum saturation reaches up to 600 min for
FRrGAMZ. The increased adsorption sites in the presence of rGO improved the adsorption
capacity for organic model compounds. The adsorption capacity decreases slightly from 444 mg
g-1 for GAMZ to 377 mg g-1 for FRGAMZ. It can be explained by the increased coating layers and
decreased specific surface area of GO on zeolites. In general, the high capacities for variably
charged organic model compounds for the robust multifunctional adsorbent are due to the
increased adsorption sites, π-π stacking of rGO and electrostatic interaction to adsorbates.
87

5.3.4 POPs adsorption
In 1976, United States Congress banned PCBs domestic production, and United States EPA
suggests that PCB exposures below the oral reference dose (RFD) of 20 ng kg-1 day-1.42 USFDA
estimated that the daily BPA exposure level for adults in 2007 was about 0.16 μg kg -1 day-1. [178]
In addition, the Office of Water estimated a cancer slope factor of 70 μg kg-1 day-1 for PFOA based
on testicular tumors and confirmed its lifetime. [179]
To evaluate the removal ability of our adsorbent for removing POPs from water, 40 mg/L of PCB,
BPA and PFOA solutions were introduced to FRrGAMZ by independent column tests. As shown
in Figure 5.9 (a), FRrGAMZ has high removal efficiencies to adsorb these POPs, especially for
PCB which has 100% removal due to its relatively positively charged property shown in Figure
5.9 (a). Also, lower removal efficiency for BPA and PFOA is possibly due to the hydrophobicity
and presence of negative charge, whereas, it maintains 94.5% and 96.1% removal respectively. It
is, as discussed above, because of the large surface area and π-π stacking of rGO. To investigate
adsorption ability, the experiment was also conducted with 200 µg L-1 POPs for 24 hours shown
in Figure 5.9 (b). Neutral pH value and flow rate for 5ml min-1 were selected to simulate the water
treatment condition.
These results indicate that rGO can provide excellent adsorption for PCB which are relatively
positively charged when compared to the adsorbent. It also shows that over 82% of BPA and
PFOA in the solutions can adsorb onto the FRrGAMZ after 24 hours. These results are consistent
with organic model compound adsorption studies for disperse blue 26 and sodium fluorescein
removal discussed in Chapter 3. The long-term POPs adsorption experiments show that our
adsorbent has a good adsorption ability for different charged organic contamination.
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Figure 5.9 The removal efficiency of POPs (40 mg L-1,1ml) by FRrGAMZ (a) and long-lasted 200 µg L-1
of POPs adsorption. The pH of POPs solution=7, flow rate=5 ml min-1, the amount of FRrGAMZ= 9 g.

89

5.3.5 Desorption experiment and thermal regeneration
To test the stability of the robust multifunctional adsorbent for large scale application, the
desorption and thermal regeneration experiment were also explored. The relative weight loss of

Figure 5.10 The relative weight percent of GO/rGO detached from zeolites (a) and the removal
efficiency of disperse blue 26 before and after desorption experiment for DCGZ and FRrGAMZ (b). The
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pH of disperse blue 26 solutions = 7, flow rate= 5 ml min-1, the amount of DCGZ and FRrGAMZ= 9 g,
and the concentration of disperse blue 26 is 40 mg L-1 (1 ml).

Figure 5.11 The removal efficiency of disperse blue 26 for thermal regeneration of FRrGAMZ under N2
at 550 oC for 1hrs. The pH of disperse blue 26 solutions =7, flow rate= 5 ml min-1, the amount of
FRrGAMZ= 9 g, and the concentration of disperse blue 26 is 40 mg L-1 (1 ml).

GO/rGO detached from zeolites and removal efficiency of disperse blue 26 were measured and
shown in Figure 5.10. It has been reported by many studies that the desorption of graphene-based
materials from the surface of support material are mainly caused by the weak driving force between
them.

[171,180.181]

After shaking at 200 rpm for 24 hours, about 36% of GO was detached from

DCGZ and the removal efficiency of disperse blue 26 reduced from 69.5% to 64.7%. While 1%
weight loss of rGO was detached from the FRrGAMZ, 99.3% removal was maintained. This is
attributed to the well-controlled partially reduction of GO by vitamin C, and the strong interaction
between zeolite and rGO. To determine the thermal regeneration ability, FRrGAMZ was tested
by heating under N2 at 550 oC for 1 hour and tested by non-ionic disperse blue 26 was selected as
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adsorbate. The result shows that the removal efficiency reduced with cycle numbers and
maintained over 91% after five cycles in Figure 5.11. The decrease of removal efficiency may be
caused by the loss of active sites of rGO.
5.4. Conclusion
In summary, a thin-layered rGO with natural zeolite as a substrate was developed as a novel
adsorbent for POPs removal from water. We overcame the limited GO loading firstly by modifying
the natural zeolite surface by APTES to increase the loading of GO and to limit the desorption of
graphene-based materials from the surface. Secondly, the reduction extent and gradient of the
adsorbed GO on zeolites surface was successfully controlled by environmentally friendly vitamin
C and microwave in-situ to enhance the adsorption capacity for POPs. The thin-layered rGO
provided a reliable and effective way to remove POPs from water. The high adsorption capacities
were attributed to the more active sites on the rGO. It is easily recycled and exhibits good
regeneration ability which is beneficial to reduce the cost. These results prove that the thin-layered
rGO coated on zeolites can be used for various types of water contaminants and is a promising
candidate for water purification.
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Chapter 6 Adsorption mechanism study of FRrGAMZ for
organic model compound removal
6.1 Introduction
The adsorption mechanism of graphene-based materials for dyes and organic pollutants have been
study in recent years. Ramesha et al. have prepared exfoliated GO and rGO for the adsorption of
various charged dyes such as methylene blue, methyl violet, rhodamine B, and orange G from
aqueous solutions. [182] Yang et al. and Zhang et al. have reported that GO sheets as an adsorbent
for removal of methylene blue from aqueous solutions. [183,184] To understand the transportation of
adsorbates by diffusion on the graphene-based materials, kinetic modeling plays a significant role
in providing an explanation of reaction pathways. An appropriate kinetics model assumption can
provide the rate of adsorption to understanding the adsorption mechanisms and behavior for
designing the adsorption and filtration system in the water treatment process application. The
equilibrium of adsorbate adsorption is also an important parameter to provide an approximate
exhaustion conditions at the end of the adsorption process. Isothermal study is to plot the amount
of adsorbate on the adsorbent as a function of its concentration (if liquid) at constant temperature. It
is worth to be mentioned that even a good fit between experimental data and isotherm-type does
not necessarily imply that the underlying mechanism is identical to the one suggested by the
model. [185]
The aim of this chapter is to study the adsorption mechanism of FRrGAMZ for the removal of
organic model compounds. Methylene blue was selected for the present investigation as adsorbate.
From the previous study, the adsorption experiment results indicate that the mono or few layered
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GO or rGO sheets have more specific active sites than GO or rGO bulk. The few layered
FRrGAMZ has a good adsorption capacity for organic model compounds than GAC.
Herein, two hypotheses were listed as following: 1) The overall sorption rate is limited by the rate
of organic model compounds diffusion in the pores of few-layered rGO (intraparticle diffusion
model). It has been investigated by several experimental study, e.g. Wu et al., Jin et al. and Ahsaine
et al., which proved that the pseudo-second-order kinetics model was fitted to the adsorption
experimental results.[186,187,188] 2) There is a limited number of sorption sites on few layered rGO,
and that the sorption speed is proportional to the number of unoccupied sites as well as to the
concentration of the dyes in contact with the solid phase. From the literature research, experiments
have shown that the Langmuir isotherm yielded better agreement with experimental results.
[186,187,188]

6.2 Experimental
6.2.1 Materials
Australian natural zeolite, (clinoptilolite, diameter: 0.7-1 mm, chemical composition: 68.26% SiO2,
12.99% Al2O3, 4.11% K2O, 2.09% CaO, 1.37% Fe2O3, 0.83% MgO, 0.64% Na2O, 0.23% TiO2,
Zeolite Australia Ltd.), graphene oxide (ACS Materials), Triton XTM-100, Vitamin C (Sigma-rich,
99%), methylene blue (Electron Microscopy Sciences).
6.2.2 Batch experiment
Adsorption capacity studies were conducted by batch experiments and column tests using the
organic model compounds in aqueous solution. Batch experiments were carried out to determine
the adsorption performance of organic model compounds onto the adsorbents in a 250 mL glass
flask. The sample was immersed in 100 mL of a specific concentration of methylene blue and was
shaken at 150 rpm for 48 hours to reach adsorption equilibrium. The study was conducted at room
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temperature to represent conditions that are typical in the industrial setting. The pH of the solution
was adjusted with a 0.1 M solution of NaOH and a 0.1 M solution of HCl. The effect of various
factors on the rate of adsorption process was assessed by varying contact time, concentration of
organic model compounds, and pH of the solution. All experiments were carried out in triplicate,
and the average values were taken for analyses.
6.3 Mathematical modeling
6.3.1 Kinetic study of adsorption mechanism of FRrGAMZ
The kinetic models are adopted to describe the mechanism of the adsorption process. From the
literature research, the adsorption mechanism of graphene-based materials was usually fitted to the
pseudo-second-order kinetics model described by the following equation (6.1). [189,190,191]
𝑡
𝑞𝑡

=

1

1

𝑘1 𝑞𝑒2

+ t

(6.1)

𝑞𝑒

where qt is the adsorption capacity by time, qe is the adsorption capacity at equilibrium, and k1 (g
mg-1 min-1) is the rate constant for the pseudo-second-order kinetics model. From the equation
(6.1), the values of the k1 and qe can be calculated from the slope and intercept of the linear plots
of t/qt verses t.
6.3.2 Isothermal study of adsorption mechanism of FRrGAMZ
The equilibrium adsorption data were analyzed by Langmuir isothermal models described by
equation (6.2). [192]
𝐶𝑒
𝑞𝑒

=

𝐶𝑒
𝑞𝑚

+

1
𝑞𝑚 𝑘𝐿
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(6.2)

where Ce (mg/L) is the equilibrium concentration, qe (mg/L) is the amount adsorbed at equilibrium,
kL (L/mg) is the equilibrium adsorption constant which are related to the heat of adsorption, and
qm(mg/g) is the maximum adsorption capacity for complete monolayer coverage. The values of
Ce/qe versus Ce determine qm and kL from the intercept and the slope, respectively.

The

dimensionless equilibrium parameter RL is expressed for essential characteristics of Langmuir
isotherm model, which is given by the following equation: [193]

𝑅𝐿 =

1
1+𝑘𝐿 𝐶0

(6.3)

The value of RL indicates that the type of the isotherm to be either unfavorable (RL > 1), linear (RL
= 1), favorable (0 < RL < 1) or irreversible (RL = 0).

6.4 Results and discussion

Figure 6.1 The effect of different concentration on adsorption capacity of methylene blue onto
FRrGAMZ. The concentrations of methylene blue are 20 mg L-1, 40 mg L-1 and 100 mg L-1, respectively.
The experiment conditions are at room temperature, at pH=6~7.
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Figure 6.2 Pseudo-second order kinetics of adsorption methylene blue onto FRrGAMZ. The
concentrations of methylene blue are 20 mg L-1, 40 mg L-1 and 100 mg L-1, respectively. The experiment
conditions are at room temperature, at pH=6~7.
Table 6.1 The effect of different initial concentrations of methylene blue onto FRrGAMZ at room
temperature.

Co (mg/L)

qe, exp (mg g-1)

qe (mg g-1)

k1 (g mg-1 min-1)

R2

20

191.64

192.8

2.522×10-5

0.9997

40

381

384.61

2.766×10-5

0.9995

100

631.52

632.5

3.232×10-5

0.9998

The effect of different concentration on adsorption capacity of methylene blue onto FRrGAMZ is
shown in Figure 6.1. The adsorption capacity of methylene blue onto FRrGAMZ increased with
the increase of contact time and initial concentration. The higher initial concentration of methylene
blue can provide a higher driving force to enhance the sorption of dyes due to the mass transfer
resistances between the aqueous solution and solid phases. [198]
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The pseudo-second-order kinetics model expressed by equation (6.1) was adopted to examine the
mechanism of the adsorption process. The kinetic constants k1 and correlation coefficients R2 for
the model were calculated and listed in Table 6.1, where calculated from the slope and intercept
of the linear plots of t/qt versus t in Figure 6.2. It was observed that all of the correlation coefficients
of pseudo-second-order kinetics model are higher than 0.9995, and the values of calculated q e ,cal
agree very well with the experimental results qe,exp.

Figure 6.3 Langmuir and adsorption isotherm of methylene blue onto FRrGAMZ at room temperature.

Table 6.2 Parameters and the correlation coefficients of Langmuir isothermal models for the adsorption of
methylene blue onto FRrGAMZ at room temperature.
Co
20
40
100
120
150

Ce
0.72
1.54
36.75
53.23
77.74

qe
192.8
384.61
632.5
667.7
722.6

qm

kL

724.4

0.3733
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RL
0.19
0.06
0.03
0.02
0.02

R2

0.9992

Meanwhile, the adsorption data were analyzed using Langmuir isothermal models given by the
equation (6.2). The values of Langmuir constants and correlation coefficients R 2 obtained from
the linear regression were listed in Table 6.2. The experimental data were well fitted with the
Langmuir isotherm model, and all the values of RL were less than 1, which means that Langmuir
model was favorable in this study.
The organic molecules adsorption on to the graphene-based materials has been noted by many
authors. The adsorption mechanism can be explained by the electrostatic interactions, H-bonding
and π-π stacking on the rGO sheets.

[193]

It was proved that the essential interaction between the

positive charged methylene blue and rGO sheets is electrostatic interactions. While, the other two
mechanisms act simultaneously in the adsorption process.
The presence of π-π stacking on the rGO sheets allows the interaction between bulk π systems on
the rGO surface and organic molecules with C=C bonds or aromatic rings. Generally, π-π
interactions depend on the size and shape of the aromatic system and the substitution unit of
molecules. The planar molecules are easy to approach multiwalled carbon nanotubes via a face-to
face conformation, which is favorite for π-π interactions between the conjugated aromatic
chromophore skeleton and the rGO sheets. On the contrary, the non-planar molecules are kept
apart from rGO sheets due to the spatial restriction, resulting low π-π interactions with the rGO
sheets. The chemical structures of methylene blue and sodium fluorescein are polar molecules and
disperse blue 26 is non-polar molecules. Therefore, this fact suggests that the π-π stacking
interactions between the rGO, methylene blue and sodium fluorescein is stronger than rGO and
disperse blue 26.
H-bonding, noncovalent forces, can occur between the surface of rGO sheets and organic
molecules. The remaining -OH and -COOH on the rGO sheets act as the hydrogen electron donor,
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and the oxygen atoms and aromatic rings of the organic compounds act as the elector accepter.
The higher number of -OH and -COOH groups remained on the GO sheets, the more active sites
for organic molecules adsorption. From the XPS in Chapter 5, it was found that the C-O-C are
hardly left on the rGO sheets, which means that the C-O-C group doesn’t contribute to the Hbonding of organic molecules. Several studies reported that increased oxygen-containing
functional groups on AC decreased the adsorption of chemicals which can form H-bonds. Yu et
al. have studied the adsorption of benzene, aniline and naphthylamine on reduced graphene
oxides. [194] They found that adsorption mechanism of benzene does not occur via the formation of
H-bonding, while the hydrogen bond between reduced graphene oxide and aniline or
naphthylamine was weaker, resulting in a lower adsorption capacity. Chen et al. ruled out hydrogen
bonding mechanisms in the adsorption of nitroaromatic compounds onto graphene materials. [195]
They found that electrostatic interaction between norfloxacin and the adsorbents was one of the
major factors controlling the adsorption process. From the adsorption mechanism study and
column experiment, it indicates that hydrogen bonding possibly cannot make as significant
contribution to overall adsorption process of organic model compounds onto rGO sheets.
An explanation of the zeolites surface modification by APTES and the interaction with GO sheets
can be seen in Figure 6.3. The first step in this process is the physisorption of APTES to the zeolites
surface through H-bonding and H-bond acceptor on the zeolites surface (SiO2 and Al2O3). Then
the positive amine group was introduced by the APTES modification, the charge of zeolites surface
was changed from positive to negative. (Proved by zeta potential and XPS) The -OH and -COOH
groups on the GO sheets with negative charges can easily react with amine groups to form the GONH through the electrostatic attraction which is much stronger than the Van der Waals force and
H-bonding. The π-π stacking on the GO sheets also contributed to interactions. Herein, the higher
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loading of GO sheets was achieved through the enhancement of interactions between zeolites
surface and GO sheets.

Figure 6.3 The interactions between zeolites surface and GO sheets before and after surface
modification by APTES.

6.5 Conclusion
In this chapter, the adsorption mechanism of FRrGAMZ for organic model compound, methylene
blue, was studied. It indicated that pseudo-second-order kinetics model and Langmuir isothermal
model were fitted to the experiment results. Besides that, the hypnosis of adsorption mechanism
was given, which suggested that the electrostatic interactions and π-π stacking between the rGO
sheets and organic model compounds are the main adsorption mechanisms.
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Chapter 7 Conclusion and Future work
7.1 Conclusion
Water resource contamination by POPs is a serious global environmental problem and has been
proven to cause endocrine, reproductive, and nervous system disruption, as well as chronic
diseases and cancers. The removal of POPs from drinking water requires a low-cost, efficient, and
ecological technology. According to the variety of charges and based on human consumption in
the aquatic environment BPA, PFOA, and PCBs were selected in this thesis.
Water treatment technologies have been studied and developed for decades. Adsorption
technology using in water treatment is considered faster, cheaper, and universal technique for the
removal of toxic contaminants. An ideal adsorbent for this application should be low-cost,
recyclable, non-toxic, rapidly adsorbing, regenerate easily. However, there are several limitations
to commercial adsorbents, such as AC, which has a short lifetime, selective chemical removal,
ineffective against some bacteria and viruses, and so on.
The overall goal of this dissertation is to fabricate and evaluate a thin-layer of GO/rGO attached
to the surface of zeolite substrate. The adsorption performance was compared with GAC for the
removal of variably charged organic model compounds and POPs in aqueous solution. The coating
methods, experimental conditions, surfactants, zeolite surface modification, and in-situ reduction
of GO was deployed and studied to achieve this goal. We list four objectives and conclusions as
followed:
Objective 1 and 2: Development of the dry coating method for GO onto the zeolites surface. Its
adsorption capacity and stability were compared to those found in spin coating and vacuum coating
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methods. The investigation and optimization of the column test conditions including pH,
temperature, and flow rate;
Conclusion for objective 1 and 2: In Chapter 3, the dry coating method is considered as a simple
and effective approach and favored for the fabrication of GO coated on the zeolite. SEM, FTIR,
and Raman results confirmed the presence of GO layer on the zeolites surface. The analyses of
zeta potential for adsorbents, organic model compounds, and POPs predicted the adsorption
performance for DCGZ. The desorption experiment showed DCGZ had better physical stability
than those produced by the other methods. It revealed that the adsorption performance was strongly
depended on the loading of GO onto the zeolites surface. The saturation experiment for dispersed
blue 26 by column tests showed that the clean zeolite alone did not contribute much to the
adsorption, while only less than 1 wt% GO sheets on the surface had a strong impact on adsorption.
GO coating layers played a crucial role in adsorption of the target compounds. The adsorption
mechanism for organic model compounds and POPs by DCGZ included electrostatic and physical
interactions. This was believed that the functional groups and π-π stacking on the GO surface
attract the target molecular onto the surface. Finally, the optimized experimental condition was set:
pH=7~9, flow rate= 4.8~5 ml min-1 and the temperature between 0~40 oC.
Objective 3: Comparison of the adsorption behavior of anionic, cationic, and non-ionic surfactants
modified by DCGZ in order to determine the effect of the surfactants on the removal of organic
model compounds;
Conclusion for objective 3: In Chapter 4, variable charge surfactants, anionic SDS, cationic CTAB
and non-ionic Triton X-100, were introduced to enhance the attachment of GO onto natural zeolite.
Their influences on the removal of organic model compounds were studied. Desorption experiment
also suggested that the CTAB and Triton X-100 modification of zeolites surface were promising
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approaches to enhance the interaction between GO and the zeolite. In conjunction with results
from multiple analyses of zeta potential, SDS/DCGZ and CTAB/DCGZ displayed strong
adsorption capabilities to cationic and anionic model compounds, respectively. While, they
showed weak adsorption capabilities to the same charged organic model compounds. Triton X100/DCGZ showed an excellent adsorption performance for variably charged organic model
compounds.
Objective 4, 5 and 6: Modification of the natural zeolite surface for the enhancement of the
interactions between zeolite and GO sheets in order to increase the loading and stability of their
bonding; In-situ reduction of GO onto the surface of the natural zeolite to increase the adsorption
capacity for organic model compounds and POPs, and the modeling of its adsorption mechanism.
Conclusion for objective 4, 5 and 6: In Chapter 5 and 6, APTES was introduced to overcome the
limitation of GO desorption from zeolites surface and increase the loading of GO for improvement
of the adsorption capacity for POPs. This was done to enhance the interaction between the zeolite
and GO. Zeta potential, XPS, and EDS proved a successful positively charged surface modification
to the natural zeolite. The increased loading of GO on the modified zeolites was achieved by a
step-wised dry coating method, and the desorption experiment displayed a strong interaction
between GO and the zeolite. Finally, we observed that the only 1wt% rGO desorbed from zeolite
compared to approximately 36wt% detachment with DCGZ.
Besides that, the attached GO sheets were in-situ reduced by a microwave treatment and a reducing
agent to increase the adsorption capability. Vitamin C is regarded as an environmental-friendly
chemical to reduce GO. The ID/IG ratio of intensities obtained from Raman spectra revealed that
the extent and gradient of GO could be well controlled. The variables of control include microwave
time, concentration of vitamin C, and adding method. FRrGAMZ kept 91.5% removal for disperse
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blue 26 after five cycles of thermal regeneration. Besides that, the adsorption mechanism of
FRrGAMZ for organic model compound, methylene blue indicated that pseudo-second-order
kinetics model and Langmuir isothermal model were fitted to the experiment results.
In summary, we fabricated a novel adsorbent made of GO/rGO attached onto the zeolite substrate
for the removal of variably charged organic model compounds and POPs in aqueous solutions.
The thin-layered GO/rGO sheets were attached onto the natural zeolites surface with a low-cost
and straightforward fabrication process. It eliminates the use of harsh chemicals, increases stability,
and produces a reusable adsorbent. Its regeneration ability and stability were also reported for the
first time. It is a promising candidate as an industrial adsorbent and has outcompeted other
adsorbents on the market.

7.2 Future work

Based on current work, the following directions are proposed for future studies.

1. Some specific organic pollutions, antibiotics, such as tetracycline and ciprofloxacin, are
increasing attention in recent years. The removal of antibiotics in biological wastewater or drinking
water have become a global concern, especially in developing countries. Based on current work, a
possible direction is fabricating selective adsorption of specific POPs by the modification of
graphene-based materials with functional groups. It can be achieved by using N, S, polymers, and
so on. Also, chemicals can react with zeolite as adhesions for zeolites and graphene-based
materials to enhance the stability and recyclability.
2. As we know from literature research, graphene-based materials have good adsorption
capabilities for heavy metals. This study can be applied to research into the removal of heavy
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metals and antibiotics. Also, the mechanism of adsorption for heavy metals, kinetic, and isothermal
reviews need to be revealed.
3. Also, the combination of polymer membranes and graphene-based materials with the zeolite
may be possible. The hybrid membrane with graphene-based materials may have an excellent
mechanical strength and filtration ability, while also acting as a suitable adsorbent for heavy metals
and antibiotics.
In conclusion, the improvement in the adsorption performance of graphene-based materials coated
onto zeolite substrates need to be further studied. This includes the modification of the surface of
GO/rGO, or enhancement of the interactions between the zeolite and GO/rGO. The same methods
used for the removal of POPs need to be applied and examined for the removal of heavy metals
and antibiotics. Also, use of this material for large scale water filtration must be explored.
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Appendix I
Economic Analysis for Engineered zeolites applied in water treatment
Our material prices
Price of

GO
(not including synthesis process)

Price
Price of GO

natural

Theoretical
($/kg)

of AC
($/g)

zeolite

loading

($/kg)

Lowest
($/kg)

Highest

(mg/g)

Medium
(Industry scale)

(lab scale)

Lowest price
(China Shandong)

2.5

0.95~1.13

3.5~63.5

125~375

5

1.7~3.5

5.2~125

250~750

10

3.2~6.0

10.2~251 500~1500

0.3~0.5
Medium price
(China Jiang Su)

5~15

0.2~1

1~25
Highest price
(US product)
50~150
*The GO theoretical loading is the amount of GO added in the coating process, which should be
higher than practice. Also, the GO can be recycled in the industry process.
* All the final prices are including the production cost.
The calculation for the cost our materials:
Take Medium price of GO in the market for example: $1/g
For the theoretical loading is 2.5, price of GO zeolite =1*2.5+0.5= $3/kg
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The costs of expenses are around $0.5~1/kg to produce the materials, so the final price is ~$4/kg
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The advantage and disadvantage of activated carbon and FrGCAMZ
Activated carbon

FrGCAMZ
Good recycle ability and
thermal stability. Good

Higher adsorption capacity,
Advantage

performance for the capture at
low price
a certain concentration for all
kinds of POPs.
Bad

recycle

thermal

ability

stability.

and
Poor

performance for the capture at
a certain concentration for
neutral POPs.
Higher price due to the
Disadvantage

Active

carbon

must

be
market price of GO.

regularly generated at a high
temperature. If this is not
economically
active

viable,

carbon

must

destroyed in an incinerator.
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Appendix II
The literature research of modeling of APTES modified zeolites surface [196]
Density of States (DOS) calculations of APTES were performed and used in conjunction with the
reference spectra to interpret the electron spectroscopy (MIES) and UV photoelectron
spectroscopy (UPS) spectra from APTES deposited on silanol-terminated silicon. For DOS
calculations, geometry optimizations were performed using density functional theory in the
Gaussian 09 suite of programs. Calculations were performed using the B3LYP functional with
Dunning’s aug-ccpVTZ basis set. All isomers underwent vibrational frequency calculations to
ensure that the optimized structure was a true minimum. The lowest-energy structural isomers
were used to produce the predicted DOS using the GaussSum software suite. The UP and MIE
spectra were fitted with Gaussian curves where in each case only the minimum number of Gaussian
curves was used to fit a spectrum. The fitted peaks represent an electron orbital or DOS with a
specific binding energy. The fullwidth-half-maximum (fwhm) is a fitting parameter since it is
influenced by a number of factors. In general, the minimum fwhm is given by the natural line
width of a peak, the resolution of the spectrometer, and the energy distribution of the excitation
energy. Condensed phase spectral peaks are broader than peaks of the same substance in the gas
phase due to interaction between the atoms or molecules in the condensed phase. In the present
case, the fwhm of the fitted peaks is also influenced by the fact that a single fitted peak represents
more than a single DOS and needs to be considered as the sum of Gaussian functions where each
one represents a single DOS. As a consequence, the fwhm of the fitted peaks is also influenced by
the energy range over which the DOS are distributed. As the range covered by each fitted peak
varies, the fitted peaks also differ in their fwhm. The calculated DOS were used to identify the
nature of the peaks fitted to the measured spectra. An offset of 1.8 eV was added to the binding
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energy of the calculated spectra to account for the shift in electronic state energies that occurs
between the gas and condensed phases. This adjustment of the binding energies has to be
considered as the DOS calculations represent an isolated molecule in the gas phase.
Both measured spectra could be fitted well with a set of 7 Gaussian curves plus an exponential
curve for the secondary electron background. To relate each of the peaks to the respective
functional group of APTES, the binding energy of the peaks was compared with the DOS
calculations. This was done for both NH2(CH2)3Si(OH)3 as well as the full APTES molecule
(NH2(CH2)3Si(O(CH2) CH3)3) since the former represents the molecule formed in the silanization
reaction. Both calculations show that in the region of binding energy up to 12 eV the only
difference between the two molecules is that in the range representing the siloxane group a larger
number of states can be found for the full APTES molecule but still at similar binding energies.
Thus, using either of the molecules for calculating a reference for the DOS leads to the same result
of the analysis.
Comparing the three selected peaks, i.e., those of the NH2, the siloxane group, and the propyl chain,
in the spectra of APTES on silver and the APTES-modified silicon, it can be seen that the siloxane
group peak shows a much higher intensity in the latter. This difference between the spectra can be
attributed to either the presence of a compound other than APTES or differences in the structure
between the CVD APTES layers and the APTES layer attached to the silicon substrate through the
surface reaction. The only compound other than APTES that could be present in the film is toluene.
DOS calculation of toluene has been performed. According to the DOS calculation, the MO with
the lowest binding energy in toluene is at a binding energy similar to that on the siloxane group of
APTES at 6.8 eV. In the discussion of the XPS results, it was concluded that the presence of a
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considerable amount of toluene in the APTES film is unlikely. Thus, the differences between the
spectra in Figure (i) is attributed to differences in the structure of the APTES layers.

Figure (i) (A) UP and (B) MIE background subtracted spectra of APTES CVD grown on silver at 90 K.
Underneath the spectra the calculated positions of DOS are shown. [196]

In general, the electrostatic interactions and π-π stacking play a significant role in rGO sheets for
organic molecules adsorption. Due to the lack of -OH, -COOH, and C-O-C groups on the rGO
sheets, H-bonding doesn’t significant contribute to the adsorption in process.
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